Demonstration of Wallace Astrophysical Observatory's 24-inch telescope upgrade by Wu, Janet P., 1978-
Demonstration of Wallace Astrophysical Observatory's
24-Inch Telescope Upgrade
by
Janet P. Wu
B.S., Earth, Atmospheric, and Planetary Sciences (2000)
Massachusetts Institute of Technology
Submitted to the Department of Earth, Atmospheric, and Planetary Sciences
in Partial Fulfillment of the Requirements for the Degree of
Master of Science in Earth, Atmospheric, and Planetary Sciences
at the
Massachusetts Institute of Technology
May 2002
© 2002 Massachusetts Institute of Technology
All rights reserved.
The author hereby grants to MIT permission to reproduce and to distribute publicly paper and
electronic copies of this thesis document in whole or in part.
Signature of Author........................................................
Department of Earth, Atmospheric, and Planetary Sciences
May 24, 2002
C ertified by ........................................... .
-J.r
James L. Elliot
Professor of Astronomy and Physics
Thesis Supervisor
Certified by
arch Scientist
Ohesis Supervisor
Accepted by........................................................
Ronald G. Prinn
Head, Department of Earth, Atmospheric, and Planetary Sciences
ASSAC0HU0SETTS-INSTI1TUTE
NLGY
Demonstration of Wallace Astrophysical Observatory's
24-Inch Telescope Upgrade
by
Janet P. Wu
Submitted to the Department of'Earth, Atmospheric, and Planetary Sciences on
May 24, 2002 in Partial Fulfillment of the Requirements for the Degree of
Master of Science in Earth, Atmospheric, and Planetary Sciences.
Abstract
As part of an ongoing effort to renovate the George R. Wallace Astrophysical
Observatory, a new control system and imaging instrument were implemented for the
24-inch telescope. A redesigned telescope drive mechanism and an adaptation of
the Lowell Observatory MOVE control system were installed to automate telescope
operations. The telescope optics were configured to an f/15 Cassegrain with a
resolution of 1 arcsecond, and a large-format commercial CCD detector was
installed. The optical configuration gave a pixel scale of 0.55 arcseconds/pixel,
covering a field of 0.220 across the diagonal of the detector. As a demonstration of the
upgraded system, photometric and astrometric measurements were made to an
accuracy of 0.1 magnitudes and better than 1 arcsecond, respectively, under poor
atmospheric conditions.
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CHAPTER 1
' Introduction
1.1 Background
The George R. Wallace Astrophysical Observatory (WAO), located in Westford,
MA, was constructed in 1971 to serve as an educational research facility for the MIT
community. The largest telescope on site is a 24-inch Cassegrain installed by the
Ealing Corporation. At the time of installation, the 24-inch telescope was considered
a "state of the art" system. However, the drive system was last updated in 1978, and
many of the system components are simply no longer supportable. With advances in
motion control technology over the past 30 years, even smaller commercial
telescopes are capable of better pointing control and automation. Even more
profound advances in modern visual detectors have resulted in charge-coupled
device (CCD) cameras available commercially today that would have been "state of
the art" only a few years ago. These technological advances, combined with MIT's
involvement with new instrumentation projects, such as the Raymond and Beverly
Sackler Magellan Instant Camera (MagIC) have motivated the renovation of the WAO
24-inch telescope and the implementation of a new, more sensitive camera system.
1.2 Objectives
The goals of this project were to develop, install, and verify new drive
mechanisms, implement telescope control under the Lowell Observatory MOVE 2
system, and the installation and performance verification of a new commercial CCD
camera and filter-wheel to serve as the primary facility instrument at WAO. This
project is the first step towards an eventual unification of both telescope control and
1 The reference for MaglC can be found at http://occult.mit.edu/magic.
2 The reference for MOVE can be found at
http://www.lowell.edu/Research/Mesa/MOVE/move.html.
instrument control under a new observatory control system co-developed at Lowell
Observatory and MIT, known as LOIS (Lowell Observatory Instrumentation System;
Taylor, et al. 2000).
1.3 Overview
The project is presented in three major sections. The first section (Chapters 2-
4) covers the hardware upgrade for the telescope control system and installation of
the MOVE system. The second section (Chapters 5 and 6) covers the instrumentation
upgrade. The final section (Chapters 7 and 8) is a demonstration of the system to
evaluate the performance of the upgrade.
CHAPTER 2
Bannister's 24-InCh Telescope Torque and Inertia Analysis
In 1978, Larry Bannister, an engineer at the Center for Space Research at MIT,
made the first upgrade to the original control system installed with the telescope. Due
to poor documentation and staff changes at the time, little was known about the initial
control system and it seemed every system component was malfunctioning.
Bannister took the telescope completely apart, leaving only the base intact in order to
measure the specifications of each part. In doing so, he found numerous errors in
the original control system design. This finding led him to carry out a complete torque
and inertia analysis of the telescope and redesign of the'drive shaft for each
telescope axis. The information derived from the analysis has proven valuable for this
thesis in understanding telescope balancing and the design decisions made for the
new drive mechanism. This chapter closely follows Bannister's method (Bannister, et
al. 1978) to provide a torque and inertia analysis of the current 24-inch telescope in
order to understand the fundamental constraints for any new drive mechanism
design.
2.1 Declination Axis
The inertial load for an axis is given by the sum of the moments of inertia of the
components that rotate about that axis. Referring to Figure 2.1, we find that the
components that rotate about the declination axis have a central axis either
perpendicular or parallel to the axis of rotation, each requiring a different type of
moment of inertia calculation. It was easiest to divide the components into two
groups, the telescope tube assembly and telescope tube drive assembly, and to treat
each grouping separately. The following is an analysis for a Cassegrain layout. One
should note that some of the weights and dimensions of the components presented
in this chapter may not apply for other optical layouts.
Figure .1. n ra t4ere
axis otm nega
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Figure 2.1. Generalized diagram of the telescope showing the relation between the declination
axis of rotation and the central axis of the components comprising the declination axis
assembly.
2.1.1 Balance
The components of the telescope tube assembly for a rear mounted
instrument are shown in Figure 2.2. It consists of the secondary spider, telescope
tube, finder scope, base plate, base plate weights, instrument interface, and
instrument. Bannister found that with no instrument installed, the tube assembly was
balanced about the declination axis with 172 kg of weights attached to the base plate.
Starting with 172 kg of weights, the telescope assembly without an instrument was
balanced (see Appendix A) with eleven large base plate weights, weighing 16.4 kg
each and totaling 180.4 kg, distributed around the outermost bolt circle of the base
plate. With a distance of 0.44 m between the declination axis and the centerline of the
base plate weights, and given the equation for the moment of force (M) (also called
torque) in Eq. 2.1, the moment required for balance is 79.4 kg-m.
M= m * X
m = object mass, (2.1)
x = distance between center of mass
and axis of rotation (lever arm)
When an instrument is installed, depending on the weight of the instrument
and its interface, weights are redmoved from the base plate and may need to be added
to the front of the tube to regain balance. Given an instrument interface weighing 9.1
kg with a total length of 0.32 m, the interface center of mass is 0.55 m behind the
declination axis of rotation, which assumes uniform mass distribution. Similarly,
given an instrument weighing 3.6 kg with a total length of 0.15 m, the instrument
center of mass is 0.79 m behind the axis of rotation. Then installing the interface and
the instrument would require the removal of 17.8 kg of base plate weights to regain
balance (Eq. 2.2).
Wemove for balance .. 180.4kg - 79.4kg -m - (9.1kg * 0.55m) - (3.6kg * 0.79m) 178k (2.2)
0.44m
After the interface and instrument were installed, two large base plate weights
were replaced with two smaller weights, weighing 8.8 kg each, at the same location to
regain balance. In effect, only 15.2 kg of weight was removed, making the rear of the
telescope tube slightly heavier than the front end. This slight unbalance will be
discussed further in section 2.1.5.
INSTRUMENT
3.6 kg \
WEIGHTS
165.2 kg BASEPLATE
20 kg
0.70m
Figure 2.2. Telescope tube assembly component dimensions applicable to rear mounted
instrument configuration. Masses are shown in kilograms and distances are shown in
meters. C.L. represents the centerline of the corresponding component, which is
assumed to be the center of mass of that component.
2.1.2 Telescope Tube Assembly
To simplify the moment of inertia calculation for the telescope tube assembly,
each component is projected onto a plane normal to the declination axis so that each
component can be treated as a flat plate; applicable dimensions are shown in Figure
2.2. For a flat plate not rotating about its center of mass, but about an axis parallel to
it, the equation for the moment of inertia (I) is given by Eq. 2.3.
flat plate -rnM [h 2 ;t 
2  +r ] 2
Is,=m* 12 +
m = object mass,
h = object height, (2.3)
1= object length,
r = distance between central axis to rotational axis
Assuming uniform mass distribution for all the components, the center of mass of
each component will be located on its centerline. The component moment arm is
then the distance between the component centerline and the axis of rotation.
Tabulating the resulting moment of inertia for each component in Table 2.1, the total
moment of inertia of the tube assembly is 304.1 kg-M2
Table 2.1: Telescope Tube Assembly Moment of Inertia
Component Component Approximation Moment of Inertia (kg-m2)
Spider Flat Plate 118
Tube Flat Plate 138
Base Plate Flat Plate 4
Instrument Interface Flat Plate 2.9
Instrument Flat Plate 2.3
Weights Flat Plate 38.9
Total 304.1
Table 2.1. Moment of inertia for each component comprising the telescope tube assembly.
2.1.3 Telescope Tube Drive Assembly
Referring to Figure 2.3, the tube is attached to the telescope by a saddle and
cover, which fix the tube to one end of the output shaft, called the drive shaft in the
figure. The output shaft is the connection between the tube and main gearwheel. The
telescope tube drive assembly then consists of the saddle, cover, shaft, and
gearwheel. Again, to simplify the calculation, each component is projected onto a
plane normal to the declination axis. The saddle and cover are treated as flat plates
and the output shaft and gearwheel asannuli with applicable dimensions shown in
Figure 2.3. For an annulus rotating about an axis parallel to its central axis, the
equation for the moment of inertia (/) is given by Eq. 2.4, where r is set to zero for a
rotation about the central axis.
Iannulus =M[R0 2 +R2+2
m = object mass ,
R,= object outer radius, (2.4)
R, = object inner radius,
r = distance between central axis and rotational axis
Using Eqs. 2.3 and 2.4 with r set to zero in both equations, the resulting moment of
inertia of each component is listed in Table 2.2 to give a total of 15 kg-m 2 for the tube
drive assembly.
Table 2.2: Telescope Tube Drive Assembly Moment of Inertia
Component Component Approximation Moment of Inertia (kg-m 2)
Saddle Flat Plate 6.4
Cover Flat Plate 5.7
Shaft Annulus 0.3
Gearwheel Annulus 2.6
Total 15
Table 2.2. Moment of inertia for each component comprising the telescope tube drive assembly.
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Figure 2.3. Dimensions applicable to the telescope tube drive assembly. This figure is reproduced
from Bannister, et al. (1978). Note that masses are shown in kilograms and distances are
shown in centimeters.
2.1.4 Inertia Referred to Main Worm Shaft
A worm gear is used to drive the main gearwheel that is attached to the output
shaft. By conservation of power and ignoring friction and other losses, the output
torque (routput) and input torque (@nput) of a single reduction gear train is related by Eq.
2.5a, where noutput is the number of teeth of the gear on the output shaft and ninput is the
number of teeth of the pinion. Similarly, the output angular velocity (Wootput) and input
angular velocity (oinput) of the reduction gear train are related to the number of teeth of
each gear by Eq. 2.5b (Slocum 2000). Equations 2.5a and 2.5b are applicable for an
ideal system free of flexure and friction losses.
Toutput noutput input (2.5a)
input
n.
Woutput n 0 input (2.5b)
For a rigid body, the torque (t) and moment of inertia (/) are related by conservation of
angular momentum, given in Eq. 2.6, where o is the angular velocity of the rotating
body.
dwI = oI (2.6)
dt
By applying Eqs. 2.5a and 2.5b to 2.6, the relation between the output moment of
inertia ('output) and input moment of inertia ('input) can be expressed in terms of the
number of teeth of each gear, Eq. 2.7.
/ 2
Ioutput = n '"' Input (2.7)
input
Given that the main gear train has a gear ratio (noutput:ninput) of 360:1 and applying Eq.
2.7 to the moment of inertia derived in Tables 2.1 and 2.2, the inertial load seen at the
main worm shaft is 246.2 10~5 kg-m2; see Table 2.3.
Table 2.3: Total Declination Axis Moment of Inertia
Assembly Moment of Inertia Referred to Moment of Inertia Referred to
Output Shaft (kg-m2) Main Worm Shaft (kg-m 2)
Telescope Tube 304.1 234.6 x 10~
Telescope Tube Drive 15 11.6 x 10~'
Total 246.2 x 10~5
Table 2.3. Moment of inertia of the telescope tube assemblies referred to the main worm shaft.
2.1.5 Steady State Torque
Ideally, the telescope tube assembly should be balanced with the instrument
and interface installed. In practice, a small unbalance torque is desirable to pre-load
the gear train and minimize backlash. This is achieved by attaching additional
weights to the base plate. In the original analysis, Bannister suggests an unbalance
torque of 5 kg-m, which amounts to 11 kg of weight attached to the base plate.
However, it was found that attaching as much as 26.6 kg of additional weight to the
base plate (1) had no effect in minimizing the amount of observed backlash, and (2)
left both telescope axes extremely unbalanced. Since the effect of the additional
weight was negligible, no additional weight was added to the final balanced
configuration described in section 2.1.1. As stated earlier in the same section, the
final balanced configuration left the rear of the tube 2.6 kg heavier than the front end.
Then using Eq.2.1 with a lever arm of 0.44 m (see Figure 2.2), the unbalance torque at
the output shaft is 1.14 kg-m.
With the telescope tube assembly and the main gearwheel removed, Bannister
measured the torque required to overcome friction in the output shaft bearings and
found it to be 4 kg-m. He also found that measuring the torque required to overcome
friction in the main gear train was difficult, due to the changes in the engaging force
between the worm and main gearwheel. As a worst case, he had estimated the
torque to be 0.1 kg-m at the main worm shaft. Applying Eq. 2.5a to each effect
discussed in this section and tabulating the results in Table 2.4, a conservative value
for the total steady state driving torque required at the main worm shaft is 0.11 kg-m.
Table 2.4: Total Declination Axis Steady State Driving Torque
Effect Torque Referred to Torque Referred to Main
Output Shaft (kg-m) Worm Shaft (kg-m)
Unbalance 1.14 0.003
Friction in output shaft bearing 4 0.01
Friction in main gear train - 0.10
Total 0.11
Table 2.4. Total steady state driving torque for the declination axis referred to the main worm shaft.
2.2 Hour Angle Axis
The component parts of the telescope, which rotate around the hour angle axis,
are illustrated in Figure 2.4. Starting from left to right, the hour angle axis assembly
consists of the weight bucket and its weights, the telescope tube drive assembly
housing, and the telescope tube assembly. Due to the asymmetry of the weight
bucket and the housing of the telescope tube drive assembly, the two components
are broken up into more symmetrical pieces in the following analysis. The
corresponding annulus and flat plate approximations that were used to simplify the
inertial load calculations are shown in Figure 2.5.
104
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Figure 2.4. Dimensions applicable to hour angle axis balance and inertia calculations. This figure
is reproduced from Bannister, et al. (1978). Note that masses are shown in kilograms
and distances are shown in centimeters.
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2.2.1 Balance
Applying Eq. 2.1 to each component of the hour angle axis assembly and
tabulating the results in Table 2.5, the net moment around the hour angle axis without
the instrument and interface is 474.4 kg-m. So the total additional weight required in
the weight bucket to balance the telescope around the hour angle axis is 677.7 kg
(Eq. 2.8).
WA balance - 474.4kg m = 677.7kg (2.8)HA 0.70m
The telescope was balanced (see Appendix A) using all the weight bucket weights
totaling 1094.4 kg: twenty large weights, weighing about 47 kg each; six medium
weights, weighing about 10.8 kg each; and fourteen small weights, weighing about
6.4 kg each. The inside of the weight bucket is set up such that weights can be
distributed to either the upper or lower half of the bucket, see Figure 2.4. Due to the
lack of symmetry about the hour angle axis, balance was achieved with ten large
weights, six medium weights, and six small weights in the upper half of the bucket
and the remaining weights in the lower half.
Table 2.5: Net Hour Angle Axis Moment Required for Balance
Component Moment (kg-m)
Tube Assembly 469.4
DEC housing (a) 22
DEC housing (b) 54
Weight bucket (a) 6
Weight bucket (b) 0
Weight bucket (c) -77
Total 474.4
Table 2.5. Net moment required for balance about the hour angle axis without the instrument and
its interface installed. The weight of the telescope tube assembly used in the
calculation is the weight shown in Figure 2.5 less the weight of the instrument,
interface, and the weight removed from the base plate.
By using all the bucket weights in the initial balance, an unbalance torque is
introduced when weight is added to the telescope tube assembly. Unlike the
declination axis, the lack of symmetry about the hour angle axis will change the
unbalance torque seen at different telescope pointing configurations. To compensate
for the asymmetry, weights can be redistributed in the bucket unevenly so that the
unbalance torque is consistent at different pointing configurations. With the
instrument and interface installed and the telescope tube balanced in the
configuration described in section 2.1.1, weights were shifted to the upper half of the
bucket. The redistribution resulted in twelve large, one medium, and one small
weight in the upper half of the bucket and the remaining weights in the lower half.
Axis
Tube Assembly - 312
217 kg. k
-- 100-
28
25
Dec axis housing 
- . (a) 50 -
23.5
Weight bucket 320 kg
23.5
90 .(cm)
80
110 kg
84 
74
Weights -- z-
Figure 2.5. Approximations used for hour angle axis balance and inertia calculations. This figure
is reproduced from Bannister, et al. (1978). Note that masses are shown in kilograms
and distances are shown in centimeters.
2.2.2 Inertia Referred to Main Worm Shaft
Using Eqs. 2.3 and 2.4 and the specifications shown in Figures 2.3 and 2.4,
the total moment of inertia seen at the hour angle output shaft is 1634.1 kg-m 2 (Table
2.6). Note that the output shaft and main gear wheel are identical to those of the
declination axis, which means the main gear train is also identical. Recalling that the
gear ratio for the main gear train is 360:1, applying Eq. 2.7 to the result derived in
Table 2.6 yields an inertial load'of 1260.9 10~5 kg- m2 seen at the main worm shaft.
Table 2.6: Hour Angle Axis Moment of Inertia
Component Component Approximation Moment of Inertia (kg-m 2)
Tube assembly Flat Plate 864.7
DEC housing (a) Annulus 15
DEC housing (b) Flat Plate 29
Weight bucket (a) Annulus 4
Weight bucket (b) Annulus 1
Weight bucket (c) Flat Plate 67
Weights Flat Plate 650.5
Gearwheel and Shaft Annuli 2.9
(from Table 2.2)
Total 1634.1
Table 2.6. Moment of inertia for each component comprising the hour angle axis assembly. Unlike
the calculation of the net moment required for balance in section 2.2.1, the weight for
the tube assembly used in this calculation is shown in Figure 2.5, which includes the
weight of the instrument, interface, and weights removed in the final balanced
configuration described in section 2.1.1.
2.2.3 Steady State Torque
As discussed in section 2.2.1, an unbalance torque is introduced to the hour
angle axis when the instrument is installed. The difference in the telescope tube
assembly weight with and without the instrument installed is 2.5 kg. Using Eq. 2.1
with a lever arm of 1.0 m (from Figure 2.5), the unbalance torque at the output shaft is
2.5 kg-m.
Since the output shaft and main worm and wheel gear assembly in the hour
angle and declination axes are identical, Bannister assumed that the torque required
to overcome friction in the output shaft and main gear train are also identical in both
axes. Applying Eq. 2.5a to each effect discussed in this section and tabulating the
results in Table 2.7, a conservative value for the total steady state driving torque
required at the main worm shaft is 0.12 kg-m.
Table 2.7: Total Hour Angle Axis Steady State Driving Torque
Effect Torque Referred to Torque Referred to Main
Output Shaft (kg-m) Worm Shaft (kg-m)
Unbalance 2.5 0.01
Friction in output shaft bearing 4 0.01
Friction in main gear train - 0.10
Total 0.12
Table 2.7. Total steady state driving torque for the hour angle axis referred to the main worm shaft.
2.3 Requirements for Drive Mechanism
In summary, the calculations show that the output shaft of the drive mechanism
(also called main worm shaft) for the declination axis should be capable of providing
an equivalent torque to accelerate an inertial load of 246.2 10~5 kg-m2 and a steady
state torque of 0.11 kg-m. The acceleration of the inertial load is discussed in the next
chapter. Similarly, the output shaft of the drive mechanism for the hour angle axis
should be capable of providing an equivalent torque to accelerate an inertial load of
1260.9 10~5 kg-m2 and a steady state torque of 0.12 kg-m. Since the load of each axis
is comparable, the two mechanisms to drive the main worm and wheel assemblies
can be made identical.
CHAPTER 3
Telescope Drive Mechanism
In addition to the torque and inertia requirements established in the previous
chapter, the drive mechanism (called the steering mechanism in Bannister's notes)
should be capable of operating at multiple speeds making it easier for observers to
control the motion of the telescope. First, due to the rotation of the Earth, celestial
objects appear to move from east to west in the sky. A "tracking" speed is required,
only for the hour angle axis, so that the telescope can be fixed on an object for
observation. The other speeds are chosen based on how observers find and center
celestial objects on the imaging detector. To find their tbrget, observers usually view
through a finder scope first, as it has a wider field of view than that of the imaging
detector. In this step, observers would need a fast "slew" speed for rapid telescope
movement to find their target in the finder scope. Once the target is within the field of
view of the finder scope, a medium "set" speed is needed so that the target can be
centered in the field. By centering the target, it should appear within the field of view of
the imaging detector. A slower "guide" speed is then needed to center the target in
the imaging detector field.
3.1 Previous Design Overview
As shown in Figure 3.1, the design of Bannister's upgrade uses two motors
and four sets of intermediate gears for each drive mechanism (Bannister and Tappan
1978). One of the motors is an induction motor, which is used to provide only the
slew speed. The other motor is a stepper motor, which is used to provide the set,
guide, and tracking speeds. The stepper motor is capable of driving two different gear
trains, which can be selected by two clutches. When the slew speed is selected, the
induction motor drives a belt with an equivalent gear ratio of 1:1 to drive a 20:1 ratio
gear train that is attached to the main worm gear shaft. When the set speed is
selected, the stepper motor drives a 1.8:1 ratio gear train that is attached to the 20:1
ratio gear train. When the guide or tracking speed is selected, the stepper motor
drives a 9:1 ratio gear train to drive the 20:1 ratio gear train - a confusing and
complicated design indeed!
1.8:1 gear
Figure 3.1. Functional diagram of Bannister's steering mechanism design for one
is reproduced from Bannister and Tappan (1978).
axis. This figure
3.2 Upgrade Design
Over the years, components of the drive mechanism were replaced but
Bannister's design remained the same. One of the major goals of the current
upgrade was to simplify the previous design. Since the time of Bannister's upgrade,
more efficient, powerful, and compact motors have become available due to advances
in motion control technology. These motors allow us to achieve the same
requirements and level of performance,as Bannister had established without using
multiple intermediate gears. -
The design of this upgrade uses an AC brushless servo motor 3 and a pair of
intermediate gears for each axis to drive the telescope at all four required speeds;
telescope operations are discussed in the next chapter. The only thing in the previous
design that was kept in this upgrade was the main worm and wheel gear assembly of
each axis. The motor is used to rotate a worm gear to drive a 10:1 ratio gear train that
is attached to the main worm shaft. An optical encoder disk is also attached to the
shaft to incrementally measure its angular motion. A functional diagram of the system
for one of the telescope axes is provided in Figure 3.2.
3ln a brushless servomotor, permanent magnets are used to generate the magnetic field in the
rotor, and hall effect sensors in the stator are used to switch the current in the windings. This
creates a rotating magnetic field that the rotor tries to follow. Since there are no brushes or
windings on the rotor, as in brushed servomotors, no appreciable heat is generated in the rotor.
Instead, the heat is generated in the stator windings, which is dissipated through the motor
housing. Refer to (Slocum 1992) for a more in depth discussion on motors.
Output Shaft
10:1
360:1
Figure 3.2. Functional diagram of the design of the drive mechanism upgrade for one axis. The
Oregon Micro System (OMS) adapter module and controller board as well as the PC
MOVE program are discussed in the next chapter.
3.2.1 Main Worm Shaft Inertia Contribution
Referring to Figure 3.3, the main worm shaft assembly consists of the main
worm gear, an optical encoder disk, a brass gear, and the main worm shaft.
Dimensions applicable to the main worm and components that rotate with that worm
are shown in Figure 3.3. If each component is treated as a solid disk rotating around
its central axis, then the equation for the moment of inertia (I) is given by Eq. 3.1.
isoflddisk m_ 2*
m = object mass, (3.1)
R = object radius
Summing the moment of inertia for each component, calculated using Eq.
3.1and assuming that the optical encoder disk and all the bearings have negligible
weight, yields a total moment of inertia of 86.5 10-5 kg-m 2 (Table 3.1).
Table 3.1: Main Worm Shaft Assembly Moment of Inertia
Component Component Approximation Moment of Inertia (kg-m 2)
Main worm shaft (part #2) Solid Disk 1.3 10~)
Main worm gear (part #3) Solid Disk 82.1 10~5
Brass gear (part #4) Solid Disk 3.1 10-5
Total 86.5 10~'
Table 3.1. Moment of inertia for each component comprising the main worm shaft assembly.
3 4
Part
1-Optical Encoder Disk
2-Main Worm Shaft
3-Main Worm Gear
4-Brass Gear
Radius(m)
0.0254
0.0080
0.0302
0.0212
Weight(kg)
negligible
0.400
1.807
0.140
Figure 3.3. Drive mechanism component
shaft for inertia calculation.
dimensions applicable to rotating parts on main worm
3.2.2 Inertia Referred to Motor Shaft
As mentioned earlier, the main worm shaft is driven by the motor through a
10:1 ratio gear train. Using Eq. 2.5a, the moment of inertia derived thus far is
referenced to the motor shaft in Tables 3.2 and 3.3 for each telescope axis. Given that
the rotor inertia of the motor is 25.4 10~5 kg-m 2 (0.036 oz-in-sec2), the total inertial load
at the motor shaft is tabulated in Tables 3.2 and 3.3 for each telescope axis
respectively.
Table 3.2: Total Motor Shaft Moment of Inertia (Declination Axis)
Component Moment of Inertia Referred to Moment of Inertia Referred to
Main Worm Shaft (kg-m2) Motor Shaft (kg-m2)
Telescope 246.2 10~* 2.5 10- '
Main Worm Shaft 86.5 10~5 0.9 10-5
Assembly
Motor rotor - 25.4 10-5
Total 28.8 10"5
Table 3.2. Total moment of inertia for the declination axis referred to the motor shaft.
Table 3.3: Total Motor Shaft Moment of Inertia (Hour Angle Axis)
Component Moment of Inertia Referred to Moment of Inertia Referred to
Main Worm Shaft (kg-m2) Motor Shaft (kg-m2)
Telescope 1260.9 10~' 12.6 10-0
Main Worm Shaft 86.5 10-5 0.9 10 5
Assembly
Motor rotor - 25.4 10~5
Total 38.9 10-5
Table 3.3. Total moment of inertia for the hour angle axis referred to the motor shaft.
3.2.3 Expected Motor Loading
As discussed in section 2.1.4, the torque required to accelerate an inertial load
is given by Eq. 2.6. If we consider a telescope acceleration rate4 of 1400 arcsec/sec2
for each axis, which corresponds to a motor shaft acceleration rate of 24.5 rad/sec 2,
then the torque required at the motor shaft to accelerate the inertial load of each
telescope axis can be calculated using Eq. 2.6. The resulting torque is listed in
Tables 3.4 and 3.5 for each axis.
With each drive mechanism removed from the telescope, an attempt was
made to measure the torque required to overcome friction in the gear train of the
mechanism. However, the attempt was unsuccessful since there was no feasible
way of attaching a torque wrench to the motor shaft. A rough estimate for the torque,
estimated by feel while rotating the motor shaft by hand,'was 72 10~5 kg-in (1 oz-in) for
the declination drive mechanism and 1152 10~5 kg-in (16 oz-in) for the hour angle
drive mechanism. Combining this effect with the total steady state torque derived in
sections 2.1.5 and 2.2.3, the total expected steady state torque of the motors are
tabulated in Tables 3.4 and 3.5.
When the telescope is accelerated from rest, the motor will first have to
overcome the friction in the main bearing and the two gear trains. Then it provides the
torque required to actually accelerate the inertial load. So the expectation is to see a
peak torque at the startup from rest, which is the sum of the total steady state and
acceleration torque. The expected peak torque for each axis is tabulated in Tables 3.4
and 3.5. After the load is accelerated to the desired velocity, the system then reaches
its steady state and we expect a drop in the torque, down to the value of the steady
state torque. Given that the servo motor is rated to provide a maximum torque of 0.43
kg-in (597.5 oz-in), the expected peak and steady state torque as a percentage of the
maximum torque is listed in Tables 3.4 and 3.5.
4 This is the acceleration rate used by the Lowell Observatory MOVE system, which is discussed in
the next chapter.
Table 3.4: Expected Peak and Steady State Motor Torque (Declination Axis)
Component Torque Referred to Main Steady State Peak Torque
Worm Shaft (kg-m) Torque Referred to Referred to Motor
Motor Shaft (kg-m) Shaft (kg-m)
Telescope (steady state) 0.11 1100 10-5 1100 10-
Telescope (inertial load - - 72 10~
acceleration)
Friction in drive mechanism 72 10~5 72 10-
gear train
Total 1172 10~5 1244 10~
% of maximum torque 2.7 % 2.9 %
Table 3.4. Expected peak and steady state motor torque for the declination axis.
Table 3.5: Expected Peak and Steady State Motor Torque (Hour Angle Axis)
Component Torque Referred to Main Steady State Peak Torque
Worm Shaft (kg-m) Torque Referred to Referred to Motor
Motor Shaft (kg-m) Shaft (kg-m)
Telescope (steady state) 0.12 1200 10~5 1200 10-
Telescope (inertial load - - 97.3 10~
acceleration)
Friction in drive mechanism 1152 10~5 1152 10-
gear train
Total 2353 10-- 2449 10~
% of maximum torque 5.5 % 5.7 %
Table 3.5. Expected peak and steady state motor torque for the hour angle axis.
3.3 Motor Performance
Motor performance is limited by how well the motor is tuned. Although the
motors have been rated to provide a particular torque, each application has different
requirements and goals. Tuning is required to optimize the performance of the
motors for the application. For example, a person may know that they can comfortably
lift forty pounds with one arm. When the person lifts a one pound weight, the person
will use a particular amount of force to lift the weight off the ground to a particular
height. The person is now "tuned" to lift the one pound weight. Now, when the person
tries to lift the forty pounds of weight with the same amount of force used to lift the one
pound weight, the forty pounds of weight will also be lifted off the ground. But it will
require more time to lift it to the same height as was done with the one pound weight,
where the person is said to be "straining" to lift the weight. In the case of a motor,
straining can lead to stalling or motor burn out.
3.3.1 AVS ServoSet5 and Motor Tuning
The goal of tuning is to drive the motors with a particular stimulus and "tune"
the parameters of the motor drive until the motor runs efficiently for a particular load.
The AVS ServoSet program, which was provided with the motors, is software used to
configure and integrate the servo drives. The software allows users to tune the
motors and quantitatively monitor motor performance. The chosen servo motor
systems are unique in that tuning is accomplished by adjusting "soft" gain
parameters in the software, unlike other servo and stepper motors, where tuning
involves physical "tweaking" of potentiometers or addition of dampers. The tuning
procedure suggested by the manufacturer, was to supply a square wave to drive the
motor and adjust the velocity and position "soft" gain parameters until velocity and
position errors are minimized. The square wave provides a strenuous, worst-case
test for the motor system in that a square wave input represents instantaneous
acceleration and deceleration. If the system can be tuned to be stable in such a
strenuous, worst-case test, then the system is sure to be stable and running
efficiently otherwise.
After both telescope axes were balanced without the instrumentation installed,
the motor drive of each axis was tuned with the AVS ServoSet program and the
procedure described above. Table 3.6 lists the "soft" gain parameter values used to
s Documentation for the AVS ServoSet program can be requested from Bearing Engineers, Inc.,
located in Aliso Viejo, CA.
optimize the motor drives of the declination and hour angle axes. After the
instrumentation was installed and the telescope re-balanced, the motor drive of each
axis was not re-tuned, since the difference between the previous and re-balanced
loads seen at the motors was negligible.
Table 3.6: AVS ServoSet "Soft" Gain Tuning Parameters
Table Key:
Kv = velocity gain Kfv = velocity feedfoward gain
Kp = position gain Kfa = acceleration feedfoward gain
Ki = integrator gain Knv = velocity inertia matching gain
Knp = position inertia matching gain
Axis Motor Kv Kp Ki Kfv Kfa Knv Knp
DEC 27,000 11,500 1,350 100 0 400 0
HA 25,000 11,000 1,000 500 0 500 0
Table 3.6. AVS ServoSet "soft" gain parameter values used to optimize the declination and hour
angle axis motor drives.
3.3.2 Measured Motor Loading
Another notable feature of the AVS ServovSet program is that it allows users to
monitor motor performance in real time. The AVS ServoSet program is capable of
displaying on an oscilloscope the actual output torque of the motor as a percentage of
the maximum torque. With the telescope positioned at an hour angle of 0 hrs, the
telescope tube was driven to several positions between the southern and northern
horizons at a slew rate of 5400 arcsec/sec and an acceleration rate of 1400
arcsec/sec 2. Since the peak torque can be observed only when the motors accelerate
the telescope load, the telescope was made to come to a complete stop about every
450 of movement and the peak torque was measured when telescope movement was
started up again. The observed peak and steady state torque are listed in Table 3.7.
The measurements were then repeated, with the declination axis driven in the
opposite direction at the same rates, and the observed torque is reported in Table 3.7.
Altitud
Sou
Ho
(deg
Table 3.7: Declination Motor Observed Peak
DEC driver from southern to
northern horizon
e above Peak Torque Steady State
thern (% of max. Torque (% of
rizon torque) max. torque)
rees)
and Steady State Torque
DEC driven from northern to
southern horizon
Peak Torque Steady State
(% of max. Torque (% of
torque) max. torque)
0 7 5
45 10 7.5 7.5 5
90 10 7.5 10 5
135 10 7.5 10 5
180 - - 7.5 5
Table 3.7. Measured peak and steady state torque output by the declination motor at different
declination angles. The maximum torque used by AVS ServoSet to calculate the
percentage is the rated peak torque of the motor (597.5oz-in).
With the telescope tube positioned at a declination angle of 0', the telescope
was driven from an hour angle of -9 hrs to +5 hrs (telescope limits are discussed in
section 4.1.3) at a slew rate of 5400 arcsec/sec and an acceleration rate of 1400
arcsec/sec2 . As mentioned earlier, the peak torque can be observed only when the
motors accelerate the telescope load. The telescope was made to come to a
complete stop about every 3 hrs of movement and the peak torque was observed
when telescope movement was started up again. The observed peak and steady
state torque are listed in Table 3.8. The measurements were also repeated, with the
hour angle axis driven in the opposite direction at the same rates, and the results are
listed in Table 3.8.
Table 3.8: Hour Angle Motor Observed Peak and Steady State Torque
HA driven from west to east HA driven from east to west
Approximate Peak Torque Steady State Peak Torque Steady State
Hour Angle (% of max. Torque (% of (% of max. Torque (% of
(hours) torque) max. torque) torque) max. torque)
-8 - - 18 15
-6 15 12 35 17
-3 15 12 30 17
0 15 10 27 15
+3 15 12 25 15
+5 15 10 - -
Table 3.8. Measured peak and steady state torque output by the hour angle motor at different hour
angles. The maximum torque used by AVS ServoSet to calculate the percentage is the
rated peak torque of the motor (597.5oz-in).
3.3.3 Discussion
The differences between the expected and measured motor loading for each
axis are most likely due to the torque and inertia analysis presented in Chapter 2. The
frictional torque of the output shaft bearing, stated in sections 2.1.5 and 2.2.3, was
measured while the telescope was disassembled. This measurement is obviously
not representative of the amount of friction present in the fully assembled system
since both axis bearings sit at an angle with respect to the ground. That is, the force
applied to the bearing is not uniform over the entire bearing. To make matters worse,
the angle of the declination axis bearing varies with the position of the hour angle axis,
which means the frictional torque of the bearing is also variable. This effect would
account for differences in both the expected peak and steady state torque calculations
for each axis.
However, as seen by comparing Tables 3.5 and 3.8, the differences between
the expected and measured loading in the hour angle axis are constant when the
driving direction is not changed, but there is a significant difference between the
constant for each direction. The frictional torque of the bearing alone could not
account for this observed behagior, so there must be another effect. In section 2.2.1,
there was a discrepancy between the calculated additional weight required in the
weight bucket to balance the telescope about the hour angle axis and the amount of
weight actually used for balance. This suggests that the approximations used in the
calculations do not model the asymmetrical telescope components well and that the
inertial load of the hour angle axis is much greater than expected at some
orientations, suggesting an imbalance about that axis.
6 Refer to Appendix A.
CHAPTER 4
Automating Telescope Operations
Given the limited number of hours per night for observations, the major goal of
the observer is to be efficient with that time. It is important that telescope control is
made simple so that observing time is not wasted with telescope operations. The
previous system required observers to make telescope moves using a hand paddle
that was connected to the telescope motor drives. Technologies available today allow
this upgrade to make observing even more efficient by automating telescope
operations, that is providing computer control over telescope movements.
The key in automating telescope operations is communication between the
computer and motor drives of each axis. Once the communication has been
established, it's just a matter of creating a program where observers enter
commands to perform telescope moves. Rather than re-invent the wheel, it was
decided to base the 24-inch telescope control system on the Lowell Observatory
MOVE system. The MOVE system was chosen based on the control capabilities of
the program for the Lowell Observatory telescopes, which are comparable in size to
the WAO 24-inch telescope, and the maturity and robustness of the PC MOVE7
program.
4.1 MOVE System
The PC MOVE program, written and maintained by Larry Wasserman at Lowell
Observatory, runs under an MS-DOS* operating system to communicate with an
Oregon Micro Systems (OMS) PC48-4E controller board. The controller board is
connected to an OMS 1038 adapter module, where telescope control components are
connected. Commands issued by the observer in the PC MOVE program are sent to
7 The focus of this chapter is the adaptation of the MOVE system for the WAO 24-inch telescope
and will only cover the basic features of the PC MOVE program.
the OMS controller board, where they-are directed to the corresponding control
components through the adapter module.
adapted for the WAO 24-inch telescope.
Figure 4.1 illustrates the MOVE system
DEC EXTERNAL ENCODER
HA EXTERNAL ENCODER
DEC & HA
Encoder
Feedback
DEC MOTOR
HA MOTOR
FOCUS MOTOR
DEC HORIZON LIMIT
HA +/- LIMITS
DEC HOME SENSOR
HA HOME SENSOR
DOWNSTAIRS
CONSOLE
UPSTAIRS
HAND PADDLE + CONSOLE
Figure 4.1. Functional diagram of the Lowell Observatory MOVE system adapted for the WAO 24-
inch telescope.
4.1.1 MOVE Computer
There are four major requirements for the computer to be used in the MOVE
system. The first requirement is the computer must have an MS-DOS® operating
system, since the PC MOVE program was written to run in MS-DOSR. The MOVE
system also requires that the computer have one available expansion slot to fit the
PMOVE CONTROLLIER
PROGRAMBOARD
MOVE COMPUTER
ADAIPTER MODULE
OMS PC48-4E half-length ISA controller board. It was found that the PC MOVE
program was unable to properly communicate with the controller board on PCs
manufactured by Compaq, so the third requirement is a PC from a manufacturer other
than Compaq. The last requirement regards a method of time synchronization, which
is discussed in depth below.
One of the features of MOVE is to calculate and display celestial coordinates
based on the time provided by the computer clock and position of the telescope.
However, computer clocks are notorious for drifting in time so time synchronization is
required to correct the inaccuracy of the clock. The MOVE computers at Lowell
Observatory all use either VVVV8 or Global Positioning Service (GPS) receiver cards
installed in the computer to synchronize the computer clock. According to
Wasserman (personal communication on 01/28/2002), the WWV receiver cards used
at Lowell Observatory are no longer manufactured. Rather than installing additional
hardware, to reduce the possibility of making the computer operating system
unstable, the method chosen for the WAO MOVE computer was to synchronize the
computer clock via network timing protocol (NTP9). This method requires only a
network card, which is standard hardware for computers today, to communicate with
the local NTP site. The disadvantage of this solution is the lack of network card
drivers for DOS* meaning that time synchronization cannot be performed while
running the PC MOVE program (i.e. the computer must be synchronized prior to
initiating the MOVE program).
The WAO MOVE computer uses a Packard-Bell PC with an Intel Celeron
processor, running under a Microsoft® Windows* 98 operating system. One of the
features of Windows* 98 is the ability to boot into an MS-DOS* operating system,
8 WVV is a National Institute of Standards and Technology (NIST) radio station that broadcasts
time and frequency information, which is based on the master atomic clock, worldwide.
9The Network Time Protocol (NTP) is used to synchronize the time of a computer to a server or
reference time source. It typically provides millisecond accuracy on LANs relative to Coordinated
Universal Time (UTC) via a Global Positioning Service (GPS) receiver. More information
regarding NTP can found at http://www.eecis.udel.edu/-ntp/.
where the PC MOVE program can be executed. Time synchronization is performed
with the True Time WinSync4 program, which automatically starts at the startup of
Windows*. The computer clock is synchronized to an accuracy of one second with the
local NTP site (tick.mit.edu). When time synchronization is complete, the observer
would reboot the computer into MS-DOS* to use the PC MOVE program.
4.1.2 OMS Motion Controller
The OMS PC48-4E board together with the OMS 1038 adapter module is the
heart of the MOVE system, providing the link between the MOVE computer and
telescope control components. In order for the PC MOVE program to communicate
with the PC48 board, the program requires the base address set to 290 hex and the
interrupt level set to IRQ7 on the board. The address and interrupt level are selected
by connecting jumpers at J16 and J14 respectively on the PC48 board. Figure 4.2
shows the location of the jumpers on the board. The OMS 1038 adapter module is an
external module connected to the PC48 board. The module provides separate
connectors for up to four motors and encoders as well as fourteen connections to
user definable I/O bits. The user definable I/O bits, which are listed in Table 4.1, are
defined internally by PC MOVE.
4The TrueTime WinSync program is free software that communicates with NTP sites, chosen by
the user, to constantly compare the computer clock. The program automatically synchronizes
the computer clock to user defined precision. For more information regarding the program,
documentation can be found at http://www.truetime.net/software-winsync.html.
MODEL PG48-4E
J1 1 = I/O CONFIGURATION , P J96
J14 = INTERRUPTS
J16 = BOARD ADDRESS J86 888888
J44 = LIMIT CONFIGURATION "
J69=ADAPTERMODULECONNECTOR 0000
J86 = X/Y AXIS ENCODER BIASING 0000
J96 = T/Z AXIS ENCODER BIASING 000044 88888888 0000
8888
0000
8888
0000
HEX 88
IRQ7 HEX H2 0000
0 0
00000 00000 00 J69
J11 J14 J16
KEY: JUMPER
Figure 4.2. Location of jumpers on the OMS PC48-4E controller board required for communication
with the PC MOVE program.
Table 4.1: OMS 1038 Adapter Mo,dule User Definable 1/0 Bit Assignment
1/0 Bit PC MOVE Description
Definition
0 North Telescope directional button. When the 'North' button on the control
console is triggered, the DEC motor is commanded to move in the
negative direction (towards North).
1 South Telescope directional button. When the 'South' button on the control
console is triggered, the DEC motor is commanded to move in the positive
direction (towards South).
2 East Telescope directional button. When the 'East' button on the control
console is triggered, the HA motor is commanded to move in the negative
direction (towards East).
3 West Telescope directional button. When the 'West' button on the control
console is triggered, the HA motor is commanded to move in the positive
direction (towards West).
4 Set Rate When the 3 position knob on the control console is set on the middle
position, the set rate is applied when telescope or focus directional
buttons are triggered.
5 Slew Rate When the 3 position knob on the control console is set on the far right
position, the slew rate is applied when telescope or focus directional
buttons are triggered.
6 Focus In Focus directional button. When triggered on the control console, the
focus motor is commanded to move in the negative direction (moving the
secondary mirror towards the primary mirror).
7 Focus Out Focus directional button. When triggered on the control console, the
focus motor is commanded to move in the positive direction (moving the
secondary mirror away from the primary mirror).
8 Limit Button available only on the upstairs control console. See the 'Horizon
Override Limit' description below.
9 Horizon All PC MOVE commands in progress are aborted when triggered. Only
Limit telescope moves away from the horizon limit can be made with the
control console when the 'limit override' button is held down.
10-13 Unused N/A
Table 4.1. List of OMS 1038 adapter module user definable I/O bits and their corresponding PC
MOVE definitions.
4.1.3 Hour Angle and Declination Axis Control
As mentioned in the previous chapter, an AC brushless servo motor is used to
drive the main worm shaft of the hour angle and declination axes. The hour angle and
declination axis motor drives are connected to the X axis driver and Y axis driver
respectively of the adapter module. The main shaft encoder of each axis is also
connected to the corresponding X axis encoder and Y axis encoder of the adapter
module.
In addition, limits are defined for each telescope axis. Two micro switches,
manufactured by the Cherry Corporation, are used for the hour angle axis positive and
negative "hard" limits and are connected to the X axis driver limit pins of the adapter
module. The limits are defined at telescope hour angles around -9 hrs and +5 hrs;
the asymmetry is to prevent the instrument from hitting the floor when observations
are made of objects low in altitude in the West. A mercury switch is used for a horizon
limit on the declination axis and is connected to user definable 1/O bit 9 of the adapter
module. The horizon limit is mounted such that the switch is triggered when the
telescope tube is parallel to the floor of the dome. The limit was installed to insure
that observers do not run the front end of the telescope tube into the floor when
telescope moves are commanded remotely from the control room.
In case PC MOVE loses track of telescope position, Hall effect sensors are
used to define a known telescope position. A sensor was installed close to the 0
location of each axis; the exact locations are -00:12:00 (hr:min:sec) on the hour angle
axis and -03o 00' 00" on the declination axis. The sensors are connected to the X
and Y axis driver home pins of the adapter module.
4.1.4 Focus Control
Telescope focus is achieved by moving the secondary mirror toward or away
from the primary mirror. For accurate control over this movement, an unidentified
stepper motor, driven by a Centent micro-stepper motor drive is used and connected
to the Z axis driver of the adapter module. Two Cherry micro switches are also used
for the positive and negative "hard" limits of the focuser and are connected to the Z
axis driver limit pins of the adapter module. The focuser "hard" limits are defined
such that the total allowed focuser movement is about 40 mm or 11,265 motor steps
between the limits, so the resotution of the focus mechanism is 3.6 microns per
motor step.
4.1.5 Observer Control Consoles
Two observer control consoles are implemented to provide manual control over
telescope movements. One of the control consoles is located in the "warm" room
downstairs from the telescope where the observer accesses the MOVE computer.
The control console has a set of four directional buttons, which allow observers to
move the telescope in the north, east, south, and west directions. A set of two
directional buttons allows movements of the secondary mirror towards or away from
the primary mirror for focus. The console also has a three-position knob, which allow
observers to choose the speed, given in Table 4.2, of telescope and focus moves. As
an added safety feature, the console has an emergency stop button, which allow
observers to abort moves if the PC MOVE program fails. The other control console is
located upstairs on the telescope floor and has all the same features as the "warm"
room control console. The only difference between the two consoles is that the
"upstairs" console has a "limit override"" button, which was not installed in the
"warm" room, so that observers must visually check the telescope position when the
horizon limit is triggered.
Table 4.2: PC MOVE Telescope System Speeds
Component Slew Set Guide Acceleration
Telescope 5400 arcsec/sec 50 arcsec/sec 5 arcsec/sec 1400 arcsec/sec2
(same for HA and DEC)
Focus Mechanism 1800 micron/sec 360 micron/sec 36 micron/sec 3600 micron/sec2
Table 4.2. List of telescope and focus mechanism speeds used by the PC MOVE program.
" The horizon limit installed on the declination axis is a "soft" limit, which means it can only be
seen by the PC MOVE program. The "limit override" feature was installed in case PC MOVE or
the computer unexpectedly fails and the horizon limit is falsely triggered.
4.2 Basic Telescope Operations
Telescope moves can be achieved either by entering commands into PC MOVE
or by pressing directional buttons on either the upstairs or downstairs observer
control consoles. When observers enter move commands into PC MOVE, the
program sends commands to the controller board. The controller board sends step
and direction pulses to the motor drives of the declination and hour angle axes, which
then drive the corresponding motors. When observers press the directional buttons
on either control consoles, the corresponding user defined 1/O bits on the adapter
module are triggered and PC MOVE sends commands to the controller board. Then
the motors are driven with step and direction pulses, sent from the controller board to
the motor drives.
4.2.1 Encoder Feedback
Gear train assembly is a fine art. If the mesh between two gears is too tight
due to either the imperfections of the gear or gear mounting, the gear teeth will be
jammed into each other resulting in high frictional torque or even failure. In light of
this, it is required that backlash be built into gear trains (Slocum 2000). However,
backlash is a major cause of errors in point to point movements because the pinion
shaft of the gear train has to rotate an extra amount before the gear teeth make
contact to rotate the gearwheel. With an encoder mounted on the main shaft of the
drive mechanism, the backlash in the main shaft of the declination axis was
measured to be 1.70, which corresponds to 17 arcsec at the output shaft. What this
means is that the maximum pointing error in the declination axis, contributed by the
10:1 gear train of the drive mechanism, is ± 17 arcsec.
This backlash can be corrected for using encoder feedback, which is one of the
features of PC MOVE but only available when observers use PC MOVE commands to
move the telescope. When a telescope move has been completed, PC MOVE issues
a command to the controller board to read the main shaft encoder position. If the
12 The backlash between two gears is the amount by which the width of the tooth space exceeds
the width of a tooth.
shaft encoder position does not agree with the issued telescope position, then PC
MOVE issues a correction to the controller board to move to the desired position. In
the case that point to point moves are not requested, the program reads the encoder
positions 3 to 5 times per second and updates the telescope coordinates on the
computer display. If tracking is on, PC MOVE will issue a correction if the telescope
position, based on the encoder position, deviates from the expected value.
4.2.2 Telescope Limits
Telescope moves are aborted when either the limits or emergency stop is
triggered. When one of the hour angle axis limits is triggered, the OMS board aborts
the move only along the hour angle axis and signals PC MOVE that a limit has been
triggered. When the horizon limit is triggered, the corresponding user defined 1/O bit
is triggered and PC MOVE aborts moves on both axes. Then moves are permitted
only away from the horizon limit when the limit override button is held down. This
ensures that when the limit is triggered, observers are required to monitor telescope
position and movement. When the emergency stop is triggered at either control
consoles, the motor drives abort moves by disabling both telescope motors. Since
the motors do not communicate back to the OMS board or PC MOVE, neither will abort
commands to the motors. The observer should abort all current commands in PC
MOVE, which will also stop commands transmitted by the OMS board, before the
emergency stop is cancelled, so that the motors do not continue the telescope
movement that forced the emergency stop.
4.3 Control System Performance
4.3.1 Pointing
Telescope pointing errors arise from backlash in the drive mechanism and
climate conditions of the site. Pointing accuracy is dependent on the resolution of the
encoder used for encoder feedback. The main shaft encoder has 8192
steps/revolution, which translates to a pointing error of ±0.22 arcsec on the output
shaft. However, since the encoder is mounted on the main shaft of the drive
mechanism and not on the output shaft , encoder feedback does not correct for the
backlash in the main gear train: Significant pointing errors were found to be
contributed by the backlash encountered in the main gear trains of the two axes.
The backlash in the main gear trains can be measured by imaging a star,
noting the location on the image, and moving the telescope in a controlled amount to
find the new location of the star on the image. The difference between the two
locations compared to the amount of movement is the backlash. Recall that the
backlash of the system will be seen only when the direction of motion is changed.
With this method, the backlash of the declination main gear train was measured to be
105 arcsec, referred to the telescope output shaft. And similarly, the hour angle axis
backlash was measured to be 30 arcsec. Although the amount of backlash is rather
large in both axes, they can be minimized by overshootihg the desired telescope
position and approached from a constant direction. Using this method, the backlash
observed in the declination axis was minimized to 41 arcsec, and to 13 arcsec in the
hour angle axis. Compared to the expected observed backlash of 0 arcsec, the
results imply that there is another mechanical effect at work in both axes, other than
the backlash in the main gear train and drive mechanism gear train. Further
discussion on the possible causes of the observed backlash is given in section 9.1.1
of Chapter 9.
Pointing accuracy is also dependent on the temperature and pressure of the
site, which affects telescope flexure - when the mirror and telescope housing flex due
to contraction or expansion of the components. Telescope flexure can be measured
by moving the telescope to the coordinates of a star, centering the star in the image
field of view, and taking the difference between the two sets of coordinates. The PC
MOVE program can fit telescope flexure constants by measuring this coordinate
difference for a number of stars evenly distributed in the sky by altitude and azimuth in
a pointing error session. The telescope flexure constants fitted by the PC MOVE
13 Early in the reconstruction period, due to a staff change it was not apparent that the backlash in
the main gear train would pose a significant problem. It was assumed that the decisions made for
the proposed design had taken this issue into account and the addition of an encoder on the
output shaft was not needed.
program are listed in Table 4.3, and Figure 4.3 shows the pointing map used for the
WAO 24-inch telescope pointing error session. The pointing error model used by PC
MOVE, originally derived by Nat White of Lowell Observatory, is provided in Appendix B.
In addition to affecting telescope flexure, the climate of the site also affects the
refraction of light by the atmosphere. The atmosphere can be considered as an
optical element with an index of refraction that changes with changes in the
temperature of the site. Pointing errors contributed by this effect are minimal
compared to backlash and flexure, but significant when observing through thick
airmasses. The PC MOVE program calculates how light is refracted by the
atmosphere using the altitude of WAO as published in the Astronomical Almanac and
the monthly average temperatures published by the National Weather Service (NWS)
for Nashua, NH, in which the temperatures most closely eflect those for WAO. From
Wasserman (personal communication on 01/29/2002), given the published
temperatures, the minimum night temperature of the site (T), in units of OF, can by
modeled by Eq. 4.1, where D is the day of the year.
T = 3 4 .9 3 + 2 3 .2 0 * sin 2 r(D - 112 .6 5 ) (4.1)365
Pointing errors arise when monthly average temperatures are not representative of
the current site temperature and objects are observed at high airmasses.
Table 4.3: PC MOVE Telescope Flexure Constants for the WAO 24-Inch Telescope
Zero point in DEC (arcsec) 486.77
Zero point in RA (arcsec) -1056.88
Angle between true and instrumental poles (arcsec) 262.45
Angle between line of pole and true meridian (deg) 349.08
Telescope tube droop in HA and DEC (arcsec) 216.98
Angle between optical and telescope tube axes (arcsec) 1501.45
Mechanical orthogonality of RA and DEC axes (arcsec) 376.52
DEC axis flexure (arcsec) 376.36
HA scale factor (arcsec/deg) 3.7396
DEC RMS (arcsec) 36.1
HA RMS (arcsec) 249.1
Table 4.3. List of telescope flexure constants fitted by the PC MOVE program using a total of 22
stars for the WAO 24-inch telescope. HA scale factor is a "fudge" factor used to scale
the HA when determining telescope coordinates. DEC RMS and HA RMS is the root
mean square residual of the DEC and HA, respectively, when the model is fitted. The
remaining listed constants are defined in Appendix B.
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Figure 4.3. Pointing map used to pick stars in altitude and azimuth for the WAO 24-inch telescope pointing error session
to fit telescope flexure constants with the PC MOVE program. The black dots on the diagram show the
altitude and azimuth points used to pick stars. The shaded areas on the map signify areas where the
telescope cannot point to either because a limit is triggered or vignetting is introduced by trees or the
telescope housing.
4.3,2 Tracking
As discussed in section 4.2.1, PC MOVE reads the encoder positions 3 to 5
times per second and updates the celestial coordinates the telescope is aimed at.
When tracking is on and no other telescope moves are commanded, the program
compares the updated celestial coordinates with the previous coordinates and
issues a correction move in order to hold the coordinates constant (Wasserman,
personal communication on 04/30/2002). Since PC MOVE uses a pointing model to
convert encoder position to celestial coordinates, tracking is dependent on the model
determined from the pointing error session. Then tracking error arises from errors in
the telescope flexure model. These inaccuracies can either come from errors during
the session itself, or from the choice of the number of stars used to fit the model.
Errors were measured for the sidereal tracking rate by imaging several stars at
different telescope positions. The images were taken in a sequence of at least three
per exposure time; the exposure time ranged from 30 seconds to 8 minutes and was
incremented by doubling the previous time. The center location of each star was
recorded for each image and the distance between consecutive images was
calculated and divided by the time difference in the mid-exposure times. The average
of the results was computed and verified by visual inspection of images taken with the
longer exposure times. The mean tracking errors and the corresponding telescope
positions are reported in Table 4.4. The results clearly show that the tracking error is
dependent on telescope position, and further supports that the tracking inaccuracies
are caused by the errors in the telescope flexure model.
Table 4.4: Telescope Sidereal Tracking Rate Performance
Telescope Position Mean Tracking Error
Altitude (0) Azimuth (0) (arcsec/sec)
90 235 0.019
60 180 0.028
45 45 0.027
45 135 0.020
45 225 0.028
30 180 0.016
Table 4.4. Mean sidereal tracking error for different telescope positions.
CHAPTER 5
Optical Analysis of the 24-Inch Cassegrain Telescope
With the introduction of new instrumentation to a telescope, it is important to
find an optical system that will maximize the performance of both the telescope and
the instrument. In an earlier work (Wu 2000), a new optical system was proposed for
a clone of MagIC to be mounted on the WAO 24-inch telescope. The requirements for
the proposed design were dependent on the types of observational programs to be
pursued at WAO, limits imposed by the site, and mounting location used for the
instrument. The conclusion of the work proposed a Cassegrain layout with a focal
ratio of 15.3 to obtain image sizes of 1.0 arcsecond over a field of about 0.250 in
diameter.
Since then, both the primary and secondary mirrors were sent to Torus
Technologies for testing. In addition to the testing, the secondary mirror was re-
worked to match the primary mirror for the f/1 6.6 Cassegrain set presented in Wu
(2000). The mirror specifications as a result from testing are listed in Table 5.1.
These specifications were used to revise the optical model of the 24-inch
Cassegrain. With the revised model, the goal was to find a new optimal layout
following the same analysis used in Wu (2000).
Table 5.1: Results from Optical Testing at Torus Technologies
Specification 24-Inch Primary 8-Inch Secondary Cassegrain Set
Radius of Curvature -4260.85 mm 1408.43 mm
Conic Constant -1 -2.41717 -
Focal Ratio f/3.57 f/17.36 f/16.5
Mirror Separation - 1579 mm
(measured from mirror vertex)
Back Focal Distance 960 mm
(measured from primary vertex)
Table 5.1. Results from testing the primary and secondary mirrors at Torus Technologies. The
results were used to revise the model of the 24-Inch Cassegrain.
5.1 Review of Analysis Goals and Constraints
The constraint imposed by the site is the typical atmospheric "seeing"1
conditions, which have been estimated at 3-5 arcsec (Dunham, et al. 1991). Given
these conditions, the most successful imaging projects carried out at WAO have been
those that rely on astrometry and relative photometry. Both types of measurements
require a field of view wide enough to at least fit the target and one or more reference
objects, where the accuracy of the measurements improve with the number of
reference objects. The goals of the analysis based on the site constraint then are to
aim for image resolution that satisfies Nyquist sampling and the largest imaging
field of view possible without vignetting 1. Assuming that the "seeing" at WAO is at
best 2 arcsec, then Nyquist sampling would require an image resolution of 1
arcsecond.
As shown in Wu (2000), a Cassegrain layout was chosen over a prime focus
layout because the image resolution requirement could not be achieved at prime
focus. By choosing a Cassegrain layout, the instrument would have to be mounted on
the back of the telescope tube. Another analysis goal then, is to minimize the back
focal distance in order to (1) prevent the instrument from being driven into the floor,
which would allow maximum telescope sky coverage, and (2) prolong the lifetime of
the instrument by preventing observers from accidentally running into the instrument.
5.2 Revised Optical Model
ZEMAXTM, an optical design program, was used to revise the Cassegrain model
with the specifications listed in Table 5.1. An initial spot diagram showed that the
14 Observational "seeing" is defined as the diameter, usually the full-width at half-maximum
(FWHM), of the image as affected by atmospheric distortions.
15 Nyquist sampling is a term used primarily in signal processing, which states that a signal must be
sampled at least twice its highest frequency in order to determine the waveform of the signal.
Nyquist sampling can also be applied to other applications such as imaging. In the case of
imaging celestial objects, given the size of a celestial object image, the resolution of the
detector should be at least half the size of the stellar image.
16 Vignetting occurs when the path of light rays is obstructed, causing a reduction in illumination
on an image.
system was slightly out of focus. By defining the back focal distance as a variable, the
ZEMAXTM optimization feature Was used with the default merit function to minimize the
RMS (root mean square) spot radius produced by the system.
Table 5.2: ZEMAXTM Lens Data Editor for the WAO 24-Inch (f/16.5) Cassegrain
Surface Type Comment Radius of Thickness Glass Semi- Conic
Curvature Diameter Const
OBJ Standard Infinity Infinity Infinity 0.0000
1 Standard 2nd Obstruction Infinity 1579.0000 304.6858 0.0000
STO Standard Primary -4260.8500 -1579.0000 Mirror 298.4500 -1.0000
3 Standard Secondary -1408.4300 1579.0000 Mirror 83.5939 -2.4172
4 Standard Infinity 247.6500 55.7242 0.0000
5 Standard Base Plate Infinity 20.0000 51.3600 0.0000
6 Standard Infinity 694.8731 51.0075 0.0000
7 Standard Flat Image Infinity 38.8513 0.0000
Table 5.2. Reproduction of the ZEMAX TM Lens Data Editor for the WAO 24-inch f/16.5 Cassegrain
model. The curvature, thickness, and semi-diameter are measured in units of
millimeters.
The resulting back focal distance, with respect to the primary vertex, was 962.5
mm. The Lens Data Editor is reproduced in Table 5.2. The resulting maximum RMS
spot radius was 12.9 microns at a field angle of 0.160, see Figure 5.1. The plate
scale of the system was calculated to be 21.0 arcsec/mm, which means at best, the
Cassegrain optics can achieve an image resolution of 0.54 arcsec with an
unvignetted field of view of 0.16350 in diameter.
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*Figure 5.1. ZEMAX TM spot diagram for the WAO 24-inch f/16.5 Cassegrain model. The diagram
shows the RMS radii for field angles 0 degrees to 0.16 degrees are approximately 13
microns. The figure also shows that field curvature and coma are present in the system
for off-axis field angles.
* Note: RMS spot radius is defined as the root-mean-square radial size.
ray and the reference point is squared, and averaged over
square root is taken. The GEO (geometric) spot radius
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5.2.1 System Aberrations
At first glance, the ZEMAXTM spot diagram shown in Figure 5.1 exhibited field
curvature and coma for off-axis field angles. Ray intercept curves, also called ray
aberration fans, are generally used to confirm aberrations in the system.
Interpretations of the ray intercept curves are discussed in Smith (1966) and a
summary is given in Figure 5.2. Ray aberration fans were plotted in ZEMAX TM and
according to Figure 5.2, they confirm that field curvature and coma are the dominant
aberrations for off-axis field angles, see Figure 5.3.
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Figure 5.2. Ray intercept curves for various aberrations. Figure reproduced 
from Smith (1966).
*Figure 5.3. ZEMAXTM ray aberration fan for the WAO 24-inch f/16.5 Cassegrain model. The figure
shows that field curvature and coma are the dominant aberrations for off-axis field
angles. Refer to Figure 5.2 for an interpretation of ray aberration fans.
* Note: Object coordinates (in units of degrees) for top row: (left) (0 degrees, 0 degrees), (right) (0
degrees, 0.16 degrees); middle row: (0 degrees, -0.16 degrees); bottom row: (left) (0.16
degrees, 0 degrees), (right) (-0.16 degrees, 0 degrees).
5.3 Optimal Cassegrain Layout
As was done in the earlier work, the optimal layout was found by constraining
the resolution requirement of the system to 1.0 arcsecond. It was also shown in the
earlier work that an increase in the unvignetted field of view could be achieved by
increasing the separation between the mirrors. However, an increase in the mirror
separation would correspond to a decrease in the back focal length. The optimal
Cassegrain layout would be constrained then, by the need to keep the image plane
behind the base plate.
Table 5.3: ZEMAXTM Lens Data Editor for the WAO 24-Inch (f/14.9) Cassegrain
Surface Type Comment Radius of Thickness Glass Semi- Conic
Curvature Diameter Const
OBJ Standard Infinity Infinity Infinity 0.0000
1 Standard 2nd Obstruction Infinity 1594.5332 302.9028 0.0000
STO Standard Primary -4260.8500 -1594.5332 Mirror 298.4500 -1.0000
3 Standard Secondary -1408.4300 1594.5332 Mirror 79.6348 -2.4172
4 Standard Infinity 247.6500 40.7510 0.0000
5 Standard Base Plate Infinity 20.0000 34.7204 0.0000
6 Standard Infinity 381.0000 34.2334 0.0000
7 Standard Flat Image Infinity 24.9555 0.0000
Table 5.3. Reproduction of the ZEMAX Tm Lens Data Editor for the WAO 24-inch f/14.9 Cassegrain
model. The curvature, thickness, and semi-diameter are measured in units of
millimeters.
Defining the back focal plane as 648.65 mm behind the telescope base plate,
and the mirror separation as a variable, the system was then optimized to minimize
the RMS spot radius with the default merit function. The resulting mirror separation
was found to be 1594.53 mm with a focal ratio of 14.9. The Lens Data Editor for the
optimal system is reproduced in Table 5.3. The system aberrations could not be
determined solely on the spot diagram, which is shown in Figure 5.4. Ray aberration
fans were plotted and they revealed that spherical aberration dominates the system,
see Figure 5.5. The resulting RMS spot radii ranged from 24.4 microns for a field
angle of 00 to 20.6 microns for a field angle of 0.080 with a corresponding flat-image-
plane diameter of 24.9 mm. The calculated plate scale of the system was 23.1
arcsec/mm, which means for a given 24.6 mm square detector, the field of view
across the diagonal of the detector is 0.22'. The resolution17 of this system, based on
the image spot sizes, for a range of field angles from 00 to 0.080 was 1.1 arcsec.
17 It should be noted that the image quality reported here may not be representative of the actual
observed quality. More than likely, the image quality will be degraded by atmospheric "seeing"
and collimation, that is the optical alignment of the system. Collimation is discussed in depth in
Appendix C.
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*Figure 5.4. ZEMAX TM spot diagram for the WAO 24-inch f/14.9 Cassegrain model. The diagram
shows the RMS radii for field angles 0 degrees to 0.08 degrees are approximately 24.4
microns. * See note for Figure 5.1.
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*Figure 5.5. ZEMAX TM ray aberration fan for the WAO 24-inch f/14.9 Cassegrain model. The figure
shows that spherical aberration is the dominant aberration in the system and coma is
present for off-axis field angles. Refer to Figure 5.2 for an interpretation of ray
aberration fans.
* Note: Object coordinates (in units of degrees) for top row: (left) (-0.08 degrees, 0 degrees), (right)(0 degrees, 0.08 degrees); middle row: (0 degrees, 0 degrees); bottom row: (left) (0.08
degrees, 0 degrees), (right) (0 degrees, -0.08 degrees).
CHAPTER 6
- Instrumentation
The 24-inch telescope has seen three CCD imaging instruments. The first
was the SNAPSHOT detector (Dunham, et al. 1985), built for use on the Kuiper
Airbourne Observatory (Elliot, et al. 1989), which later became a resident instrument
for the telescope. The SNAPSHOT served students and faculty in their research for
nearly a decade until it reached its' operational lifetime limit. A retrofit of the Portable
CCD (PCCD) detector (Buie, et al. 1993), and occasionally a STAR 1 detector, was
mounted on the telescope for temporary use until a replacement was found for the
SNAPSHOT. In the earlier stages of this thesis project, it was proposed that a clone
of the MagIC detector was to be built and mounted on the telescope to (1) replace the
SNAPSHOT detector, and (2) serve as a test bed for upgrades and fixes to MagIC.
However, the parts required to build the clone were not available in the timeframe of
this thesis so commercial detectors were considered. An Optec MaxFilter combined
with a large format Apogee CCD was chosen for the new instrumentation.
6.1 Optec MaxFilter 18
The Optec MaxFilter uses a slide to hold a maximum of three 50 mm round
filters, which are mounted by the factory. The unit includes a hand paddle, which is
linked to the motor of the MaxFilter, used to slide the filter holder to each of the three
filter positions. Since the filter slide is easily removable, additional filters can be
readily available to observers by switching the filter slide. Currently, the observatory
only has one filter slide in stock, which holds a Bessell V filter, Bessell R filter, and
precision clear filter for use with the Bessell filters so the back focal length of the
system is unchanged when a clear window is needed. The transmission curve for
each Bessell filter is shown in Figures 6.1 and 6.2.
18 The information provided in this section and additional information can be found at
httD://www.otecinc.com/astronomv/oroducts/maxfilter.html.
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Figure 6.1. Transmission curve
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for the Bessell V filter, which shows that the peak transmission
nm. The figure is reproduced from the Optec web site at
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Figure 6.2. Transmission curve
wavelength is 600
for the Bessell R filter, which shows that the peak transmission
nm. The figure is reproduced from the Optec web site at
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6.2 Apogee AP8P CCD 19
The Apogee AP8P uses a back illuminated SI-003AB SITe chip, which registers
about 90% of the light that falls on it. A table of detector specifications is reproduced
from the Apogee documentation in Table 6.1. The SITe chip has 1024x1024 pixels,
each 24 microns square. Given an optimal layout plate scale of 23.1 arcsec/mm, as
derived from the previous chapter, the chip can cover an area of 0.220 of sky across
the diagonal of the chip with a resolution of 0.55 arcsec/pixel.
19 The information provided in this section and additional information can be found at
http://www.ccd.com/apseries.html.
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Table 6.1: Apogee AP8P CCD Specifications
CCD CHIP
Array (pixels)
Pixel size (microns)
Area (mm)
Well Depth (e~) Binned 1:1
Anti-blooming
Charge Transfer Efficiency
Read Noise (e~) (Typical)
Dark Count (pA/cm2)
Dynamic Range
Digital Resolution
System Gain
Pixel Binning
Exposure Time
Cooling
Temperature Stability
Shutter
SITe SI-003AB
1024 x 1024
24
24.6 x 24.6
> 300,000
None
0.99999
15
50 @ 200C
>86 dB
16-bit 35kHz
4-5 e-/ADU (16-bit)
1 x 1 to 8 x 63 on chip binning.
0.02 seconds to 10,400 seconds in 0.01 second increments.
Two Stage Thermoelectric cooler with forced air.
50-550C below ambient.
+ 0.10C
Melles Griot 42mm iris
Table 6.1. Table of Apogee AP8P CCD specifications reproduced from the Apogee Instruments
web page at http://www.ccd.com/apseries.html.
6.2.1 Maxim DUCCD
Several commercial software packages can be used to control the Apogee
AP8P CCD, one of which is Maxim CUCCD from Diffraction Limited, Inc. The
software was supplied with the purchase of the Apogee detector and was used since
it was comparable in features and performance to other commercial packages.
Because Maxim DUCCD is a Windows* based program, the PC MOVE program
cannot be interfaced with the software package. Therefore the telescope position (RA
and DEC) have to be manually entered into the FITS header file of the obtained
images.
6.2.2 Linearity
A CCD is an array of pixels, which uses the energy from photons to release
electrons within the semiconductor of the device. The released charge is stored in a
makeshift parallel plate capacitor by applying metal electrodes to the semiconductor
with a thin layer of electrical insulator. The data are recorded as digital signals (data
numbers or DN) from each pixel and are linearly related to the number of released
electrons by the photon transfer gain factor. This constant, measured in electrons per
DN, is dependent on the amplifier gain of the system and the capacitance of the CCD
(McLean 1997). If the transfer gain factor is too small, pixels will appear to be more
sensitive and reach saturation faster. This is due to the fact that large signals
produced by the CCD will exceed the number of bits to which the A/D (analog to
digital) unit can digitize. However, if the transfer gain factor is too high, pixels will
appear to be less sensitive and the full range of the A/D unit will not be utilized.
Without knowledge of the amplifier gain or the CCD capacitance, the photon
transfer gain factor can be determined experimentally by obtaining several exposures
of a flat field. After dark and bias signals are removed, the signal mean (S) and
variance (V) from a small array of pixels is related by Eq. 6.1 (McLean 1997).
V =1S+ (R
g g
g = photon transfer gain factor (6.1)
R = amplifier readout noise
The relation is nothing more than an equation for a straight line, where the slope of
the line is the inverse of the photon transfer gain factor and the line intercept is related
to the square of the readout noise from the amplifier of the system.
A photon transfer curve for this camera was provided by the manufacturer,
which is shown in Figure 6.3. According to Brandon Sutton of Apogee Instruments,
Inc. (personal communication on 10/04/2001), the curve was generated by
illuminating the camera with an ordinary office light source and diffusing the light with
plain sheets of white paper attached onto the front of the camera. At a camera
operating temperature of -27 C, images were obtained at an exposure time of 0.2
seconds every time a few sheets of paper were removed from the front of the camera.
Bias frames were also obtained to calibrate the flat field images. The bias mean was
subtracted from each signal mean and variance for each image and plotted. The
linear fit applied to the curve resulted in a transfer gain factor of 5.2 e-/DN and readout
noise of 12e-.
To confirm the provided results, the procedure used by the manufacturer was
followed. The camera was placed in a laboratory black box and illuminated by a
lightbox that was constructed to provide even illumination on the camera with the light
diffused further by attaching plain sheets of white paper onto the front of the camera.
At a camera operating temperature of -271C, three images were obtained at an
exposure of 0.2 seconds every time a few sheets of paper in front of the camera were
removed. Three bias frames were also obtained to calibrate the images. The signal
mean and variance for each image was calculated from a 100x1OO box surrounding
the center of the image, where the chip is free from bad pixels. The bias mean was
then subtracted from the signal mean of each image and was plotted against the
signal variance in Figure 6.4. The resulting slope of a linear fit was 0.207 and the
intercept was 2.588. This translates to a transfer gain factor of 4.8 e-/DN and readout
noise of 7.8 e- (Klesman 2002).
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Figure 6.3. Photon transfer curve for the Apogee AP8P CCD provided I
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Figure 6.4. Photon transfer curve of signal variance and mean from a box size of 100x1OO pixels on
the flat field images obtained with the Apogee AP8P CCD. A linear fit was applied to
the data with a resulting slope of 0.207 and intercept of 2.588. The resulting photon
transfer gain factor is 4.8e-/DN and the readout noise of the amplifier is 7.8e-.
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6.2.3 Pixel Imperfections
Faults in the manufacturing process can cause imperfections in the CCD,
which are evident on obtained images. Such imperfections include "dead" pixels
which cannot store charge and "charge trap" pixels which appear not to release
stored charge during readout but release it later (deferred charge) (McLean 1997).
Needless to say, these pixels have very low charge transfer efficiency and one should
avoid imaging objects onto these pixels. All images obtained with the Apogee AP8P,
including bias and dark frames, exhibit three notable columns of "bright" pixels, see
Figure 6.5, which is an indication of "charge trap" pixels on the CCD. The location of
these pixels is given in the figure caption of Figure 6.5.
1000
800
600
400
200
0
0 200 400 600 800 1000
Figure 6.5. A bias image obtained with the Apogee AP8P CCD, where North is to the left of the
image and East the top of the image. The image exhibits three "bright" columns (near
columns 450, 800, and 950), which is an indication of charge trap pixels on the chip.The location of these bad pixels as shown in the image is, starting on the left: column437, rows 792-1024; columns 809-810, rows 1-1024; and column 944, rows 346-1024.(Locations were measured by Alison Klesman, an undergraduate at MIT.)
6.2.4 Detector Quality
As shown in Figure 6.6, in addition to the "bright" pixel columns, numerous dark
spots were found on all image frames. The external window of the detector was
cleaned and image frames were again taken, but the number and position of the
spots remained unchanged. Since they do not appear on bias or dark frames, it was
concluded that these spots are not caused by pixel imperfections, as described in the
previous section, or imperfections in the electronics of the detector. Rather, these
spots are likely to be the result of some kind of contaminant, such as dust, either on
the inside surface of the detector dewar window or on the CCD chip itself.
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Figure 6.6. A flat image obtained with the Apogee AP8P CCD illustrating the numerous dark spots
present on every "light" image.
In order to determine a relation. between the pixel values of the spots and the
background, five of these dark spots were selected at random from an entire image
frame. A square pixel box with a length ten times the spot's width was defined about
the center of each spot. The value of the background was determined by taking the
mode of the pixel values within the box, and the minimum value was taken as the
average pixel value of the spot. It was found that both of these values increased with
increasing exposure time, signifying that the spots are either not located on the image
plane, or that they are not completely opaque. As expected, the difference between
the two values also increased with exposure time. This was confirmed by visual
inspection of plots of pixel values across each spot. It was also expected that the
spots would block a constant fraction of the light hitting the CCD, causing the ratio of
the pixel values of the spot to the background to be constant for each spot. To our
shock and dismay, this result was not observed, which can be seen in Table 6.2. For
a comparison, Table 6.3 provides results following the same procedure as described
above, except five randomly chosen areas with no spots were targeted instead.
Table 6.2: Mean Pixel Value Ratio of Spot to Background
Exposure Spot 1 Spot 2 Spot 3 Spot 4 Spot 5
Time Image Image Image Image Image
(sec) Location (x,y): Location (x,y): Location (x,y): Location (x,y): Location (x,y):
(508,541) (513,896) (688,954) (464,377) (377,111)
30 0.995 0.993 0.991 0.995 0.976
60 0.993 0.986 0.979 0.993 0.955
120 0.987 0.976 0.968 0.990 0.921
240 0.985 0.963 0.945 0.977 0.864
480 0.975 0.944 0.910 0.976 0.793
Table 6.2. The mean ratio of spot pixel value to background pixel value for each spot at varying
exposure times. These values were obtained from images that have not been
calibrated - images were not bias or dark subtracted.
Mean Pixel Valu
Area 1
Image
Location (x,y):
(287,348)
e Ratio of Background Minimum to Background Mode
Area 2 Area 3 Area 4 Area 5
Image Image Image Image
Location (x,y): Location (x,y): Location (x,y): Location (x,y):
(159,40) (537,600) (583,803) (900,800)
30 0.995 0.996 0.996 0.996 0.994
60 0.995 0.991 0.992 0.992 0.993
120 0.995 0.988 0.992 0.991 0.990
240 0.987 0.981 0.989 0.988 0.983
480 0.990 0.976 0.988 0.981 0.977
Table 6.3. The mean ratio of the minimum background pixel value to background pixel value
mode for each spotless area at varying exposure times. These values were obtained
from the same images used to calculate the values in Table 6.2. The images have not
been calibrated - images were not bias or dark subtracted.
A comparison of the values in both tables shows that spots 1 and 4 are
suspiciously similar to the values in Table 6.3. Though the results suggest that this
analysis may not be the most appropriate method in characterizing the spots, a more
in depth investigation could not be carried out within the timeframe of this thesis.
Although the nature of the spots is puzzling, the effects of these spots on photometric
measurements can be dealt with and will be explored in the next chapter.
Table 6.3:
Exposure
Time
(sec)
CHAPTER 7
Photometric Measurements of Landolt Standard Stars
7.1 Observations
Landolt standard stars (Landolt 1992) were observed in order to evaluate the
photometric performance of the new instrumentation. The main goals of this exercise
were to measure the efficiency of the combined optical and instrument system as well
as evaluate absolute photometry. Due to the infrequency of clear nights and short
duration of clear skies in New England, the criteria used to search for candidates from
the list of Landolt stars were: (1) find the faintest star that would be visible in the
observing timeframe; (2) find a star surrounded by other' Landolt stars distributed over
the imaging field; and (3) find a star with a maximum positive declination. The
constraints resulted in selecting star G12 4320 because of its declination of +09 01 08,
and star 101 L6 because of its V magnitude of +16.5 and proximity to a number of
other Landolt stars ranging in magnitude from +13.2 to +15.6.
The field surrounding Landolt stars G12 43 and 101 L6 were observed on UT
date 04/27/2002 over a total time of 4 hours for G12 43 and one hour for 101 L6 with
the upgraded 24-inch telescope using the V and R filters mentioned in section 6.1.
Images of G12 43 were obtained, as the star was transiting, in a sequence of three
per filter every hour until the object set behind the dome housing in order to get a good
range of airmasses. Images of 101 L6 were also obtained, as the star was setting, in
a sequence of three per filter during the night every hour until the object set behind the
dome housing. The observing log for these observations is provided in Table D.1 of
Appendix D.
20 G12 43: RA 12:33:20; DEC +09 01 08; V magnitude +12.467 0.0042; color index (V-R) 1.530
0.0053.
21 101 L6: RA 09:57:39; DEC -00 17 52; V magnitude +16.497 0.0219; color index (V-R) 0.445
0.0113.
Calibration frames were taken at the beginning and end of the night. Sky flats
were obtained in a sequence of three for each filter by imaging the sky just after
sunset, when the light levels would not saturate the detector. They were collected to
correct for the pixel to pixel variations in sensitivity. Bias frames were acquired in a
sequence of three and used to subtract the zero-offset signal of each pixel in the
detector. Dark frames were also obtained in a sequence of three for each exposure
time used for the observations and sky flat images in order to reduce the thermal
"noise" present in the detector.
7.2 Data Reduction
The digital signal of a star is proportional to its photon flux received at the
detector. By extracting this signal from the image, the instrumental magnitude of the
star can be computed. The relation between the instrumental magnitude and the
published catalog magnitude is given by an extinction curve. Extinction curves are
generated from an observed standard star to derive the extinction of the atmosphere
(measured in magnitudes) for each filter.
7.2.1 Calibration
The data were processed with Mathematica", an analytical package with image
processing tools. Observation and sky flat images were first calibrated by subtracting
the bias and dark frames from each image. Before the sky flats could be applied to
the observation images, the flats have to be normalized. The first step in this process
was to scale the flats to the median image, which was chosen by computing the
mean pixel value for each flat and selecting the image with the median value. Then
the remaining images were scaled by dividing each by its mean pixel value and the
result multiplied by the mean pixel value of the median image. The resulting frames,
including the median, were averaged together to create a master flat image. The
calibration steps were repeated as necessary to create a master flat for each
observed filter. Finally, the observation images were divided by the corresponding
master flat and multiplied by the mean pixel value of that flat to produce "fully corrected
images" .
7.2.2 Signal Extraction
The digital signal for each Landolt star was extracted from each calibrated image by
defining a box of constant size around the star (star box23) and summing the values of
the pixels in the box. In reality, the extracted signal is a combination of the star and
sky background. The mean sky background signal was obtained by averaging the
values of the pixels in a defined box24 surrounding, but not including, the star box. The
pixels defining the edge of the star box are also not included in the background
calculation. The mean was then multiplied by the number of pixels in the star box and
subtracted from the originally extracted star signal to isolate the contribution from only
the star. The star signal rate (#) was calculated by dividing the calibrated star signal
by the exposure time used to obtain that signal. The relation between the
instrumental magnitude (m,) and the signal rate (#) of a star is given by Eq. 7.1.
m1 = -2.5log# (7.1)
The calculated instrumental magnitudes for each star are presented in Table D.2 of
Appendix D.
2 Due to the puzzling nature of the numerous dark spots, as discussed in section 6.2.4, it was
expected that the spots could be removed through a flat field correction. However, using the sky
flats originally taken for this procedure, the spots still appear on the corrected images. This issue
will be addressed in section 7.3.
23 The first step in deriving the size of the star box was to pick the brightest star that appeared in all
the images and define a square box with a length of 100 pixels around it. A marginal distribution
analysis was applied to the sub-frame to compute the geometric mean diameter (FWHM) of the
star for each filter. The resulting average geometric mean and length of the star box (taken to be
four times the FWHM) was found to be 12 pixels and 48 pixels respectively for both the V and R
filters.
24 Given the large size of the star box, the sky background box was defined to have a width of 2
pixels to prevent the signal from another star, especially in a crowded field, from influencing the
mean value of the sky background.
7.2.3 Extinction Curves
The relation between the instrumental magnitude (mt) and actual magnitude
(mA) of the star is given by Eq. 7.2, where mz is the instrumental magnitude for a star
with zero magnitude, k is the extinction coefficient, and X is the airmass observed
through.
m, - mA = mz + kX (7.2)
The right hand side of Eq. 7.2 has the form of a linear equation, where the y-intercept
is the instrumental zero-magnitude and the slope is the extinction coefficient. The
airmass for each observation can be derived from the altitude of the object above the
horizon as measured from zenith (z), which is a function of the object declination
(DEC), object hour angle (HA), and latitude of the observer (LA T). For objects
observed through high airmasses near the horizon, such as Landolt stars as seen
from WAO, the plane-parallel atmosphere approximation no longer applies and the
equation for airmass (Eq. 7.3) has to model the Earth's atmosphere as a spherical
shell (Hardie 1962).
X(z) = sec z -0.0018167(sec z - 1) - 0.002875(sec z - 1)2 - 0.008083(sec z -1)3
(1 (7.3)
sin(DEC)sin(LAT) + cos(DEC)cos(LAT)cos(HA)
Observations of G12 43 were used to generate extinction curves for each filter, which
are shown in Figures 7.1 and 7.2. A linear fit was applied to each curve and the
results are given in Table 7.1.
Figure 7.1: UT 04/27/2002 Extinction Curve (V Filter)
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Figure 7.1. Extinction curve for observations of G12 43 taken on UIT 04/27/2002 with the Bessell V
filter. The results to the linear fit applied to the curve are reported in Table 7.1.
Figure 7.2: UT 04/27/2002 Extinction Curve (R Filter)
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Figure 7.2. Extinction curve for observations of G12 43 taken on UT 04/27/2002 with the Bessell R
filter. The results to the linear fit applied to the curve are reported in Table 7.1.
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Table 7.1: Extinction and Throughput
Filter Extinction Coefficient (k) "Zeropoint" Magnitude e-/sec for +10
(= magnitude/airmass) (magnitude for 1 DN/sec) Magnitude at
Airmass=1.5
Bessell V 0.32 ± 0.058 20.94 ± 0.080 73323
Bessell R 0.25 ± 0.056 20.93 ± 0.076 80027
Table 7.1. Table of extinction results and throughput for each filter. Results in the last column of
the table were computed from the extinction results using an airmass of 1.5, catalog
magnitude of +10, and the photon transfer gain factor derived in section 6.2.2.
By rearranging Eq. 7.2 and substituting in the extinction results, as shown in
Eq. 7.3, the catalog magnitude (mV, mR) can be calculated for any star given the
observed airmass (X) and instrumental magnitude (m,v, m/,R)-
my = m, + 20.94 - 0.32X,
mR = m1 ,R + 20.93 - 0.25X
The airmass along with the instrumental magnitudes for the Landolt stars observed
in the field of 101 L6 are listed in Table D.2 of Appendix D. Applying the resulting
catalog magnitudes to Eq. 7.1 and solving for the signal rate (#), the signal flux of the
star for each observation was obtained and averaged together by weighting each
measurement by its error. Then the average catalog magnitude for each star was
calculated by plugging the averaged signal rate into Eq. 7.1. Table 7.2, at the end of
this chapter, lists the average catalog magnitude for data taken in the V filter and the
average color index (V-R), which was derived by subtracting the average R catalog
magnitude from the average V catalog magnitude. The mean error of the mean for
each measurement is also reported in Table 7.2.
7.3 Summary of Results
Although the data were obtained with Bessell defined V and R filters, a
transformation was not applied to the measured catalog magnitudes to retrieve
catalog magnitudes in the "standard" UBVRI photometric system. The reasons for
this were twofold: (1) the effective wavelength and bandwidth of the Bessell V and R
filters are a close match to the "standard" V and R photometric system (Bessell 1990);
and (2) the correction suggested in Bessell (1990) is one order of magnitude smaller
than the measured magnitude errors.
A direct comparison of the observed magnitudes with the published
magnitudes in Table 7.2 shows that the measurements for stars brighter than
magnitude +15 are within a tenth of a magnitude of the published values. The large
errors, especially for stars dimmer than magnitude +15 can be attributed to low signal
to noise ratios and thus a low probability of detection. As shown in Table D.2 of
Appendix D, this was especially the case for Landolt star 101 L6, where the star could
not be detected by visual inspection nor marginal distribution analysis in a couple of
the images. As with any measurement, the most significant contribution to error was
the background noise. The observations were made on a humid night with a gibbous
moon that set just after local midnight.
Table 7.2: Photometric Results for Observed Field 101 L6 on UT 04/27/2002
Published (J2000)
Star RA DEC V AV (V-R) A(V-R)
(h:m:s) (0 ") T Observed o Observed
@ Published @Z Published
101 421 09:57:16 -00 31 28 13.10 ± 0.058 -0.08 ± 0.058 0.16 ± 0.081 -0.17 ± 0.081
13.180 ± 0.0038 0.327 ± 0.0021
101 338 09:57:18 -00 20 59 13.73 ± 0.063 -0.06 ± 0.063 0.16 ± 0.087 -0.19 ± 0.087
13.788 ± 0.0071 0.350 ± 0.0021
101 339 09:57:18 -00 25 00 14.43 ± 0.081 -0.02 ± 0.082 0.45 ± 0.103 -0.01 ± 0.106
14.449 ± 0.0099 0.458 ± 0.0240
101 427 09:57:26 -00 17 16 14.99 ± 0.106 0.03 ± 0.109 0.27 ± 0.135 -0.21 ± 0.137
14.964 ± 0.0269 0.484 ± 0.0247
Table 7.2: Photometric Results for Observed Field 101 L6 on UT 04/27/2002
Published (J2000)
RA DEC
(h:m:s) ( ' ")0
V
D Observed
@ Published
09:57:30 -00 21 52 14.52 ± 0.080
AV
((D - )
0.18 ± 0.081
14.342 ± 0.0113
09:57:31 -00 21 49
09:57:31 -00 22 54
16.09
15.556
15.95
15.504
0.253
0.0141
0.228
0.0276
09:57:32 -00 18 17 13.46 ± 0.060
13.496
09:57:37 -00 17 51 13.57
13.684
09:57:39 -00 17 52 17.17
0.0039
0.061
0.0056
0.768
0.53 ± 0.253
0.45 ± 0.230
-0.04 ± 0.060
-0 11 ± 0.061
0.67 ± 0.768
16.497 ± 0.0219
(V-R)
O Observed
@ Published
0.31 ± 0.105
0.332 ± 0.0007
0.48 ± 0.296
0.339
0.76
0.396
0.48
0.617
0.63
0.808
0.0240
0.253
0.0226
0.082
0.0017
0.083
0.0033
0.83 ± 0.819
0.445 ± 0.0113
A(V-R)
(O-Z)
-0.02 ± 0.105
0.14 ± 0.297
0.36 ± 0.254
-0.14 ± 0.082
-0.18 ± 0.083
0.39 ± 0.819
Table 7.2. Table of photometric results for observations of 101 L6 field, where V represents the V
magnitude of the object and (V-R) represents the color index of the V and R magnitudes
of the object. The reported observed mean errors include the propagated extinction
solution errors, which can be found in Table 7.1. The published results are reproduced
from Landolt (1992).
7.3.1 Spot Removal
Table 7.2 contains the results using sky flats that did not remove the spots from
the images. As discussed in section 6.2.4, there was evidence that the spots on the
images were dependent on the level of illumination. The fact that the spots were still
visible in the flat field calibrated data presented even stronger support for this
proposed dependence. The failure to remove the spots was deduced to be a result of
the difference in background signals between the sky flats and the data frames.
Star
101 341
101 342
101 343
101 429
101 431
101 L6
The main concern presented by the spots was their effect on photometric
measurements. In order to test whether the spots affected the accuracy of the
photometry, an analysis performed on the same set of frames with the spots removed
was needed for comparison. Based on the hypothesis that the spots were
illumination-dependent, a composite sky flat frame was compiled from a set of image
frames using the IDL* routine mkflaP, written by Marc Buie at Lowell Observatory. To
ensure that there would be no difference in background signals of the flat and data
frames, the composite flats were assembled only from images of a single exposure
time that matched that of the data frames.
Using this composite sky flat, a "clean" data set free of spots was created and
verified by visual inspection. The same data reduction procedure as described earlier
in this chapter was then followed to obtain the results in Table 7.3, but using the
"clean" data. Comparing Tables 7.2 and 7.3, it is shown that the measurements for
stars brighter than magnitude +15 are improved by up to 0.08 magnitudes using the
composite sky flat. However, for stars dimmer than magnitude +15, the
measurements decline by as much as 0.3 magnitudes. Although it is not apparent
that the accuracy of the measurements is improved by the removal of the spots, the
source of the spots should be further investigated by future observers.
25 This routine creates a composite frame from a set of data frames for each filter, covering a wide
range of star fields. This is accomplished by doing a robust (statistical) average of the images so
that cosmic rays, stars, and other transient image defects are eliminated. This method provides
an accurate representation of the sky background, which is assumed to be of uniform
illumination. For this analysis, ten frames were selected from the data set to create a composite
sky flat for each filter. A visual inspection confirmed that the composite frames contained no
celestial sources, but did contain the dark spots found on the image frames. For more detail on
the mkflat routine, documentation can be found at
http://www.lowell.edu/users/buie/idl/iro/mkflat.html.
Table 7.3: Photometric Results for Observed Field 101 L6 on UT 04127/2002
(Calibrated using Composite Sky Flats)
Published (J2000)
Star RA DEC V AV (V-R) A(V-R)
(h:m:s) (0 ' Observed o Observed
@ Published @ Published
101 421 09:57:16 -00 31 28 13.15 ± 0.046 -0.03 ± 0.046 0.09 ± 0.076 -0.237 0.076
13.180 ± 0.0038 0.327 ± 0.0021
101 338 09:57:18 -00 20 59 13.77 ± 0.052 -0.02 ± 0.052 0.16 ± 0.081 -0.19 0.081
13.788 ± 0.0071 0.350 ± 0.0021
101 339 09:57:18 -00 25 00 14.45 ± 0.075 0.00 ± 0.076 0.40 ± 0.102 -0.06 0.105
14.449 ± 0.0099 0.458 ± 0.0240
101 427 09:57:26 -00 17 16 15.30 ± 0.139 0.34 ± 0.142 0.63 ± 0.163 0.15 0.165
14.964 ± 0.0269 0.484 ± 0.0247
101 341 09:57:30 -00 21 52 14.45 ± 0.069 0.11 ± 0.070 0.27 ± 0.098 -0.06 0.098
14.342 ± 0.0113 0.332 ± 0.0007
101 342 09:57:31 -00 21 49 16.22 ± 0.313 0.66 ± 0.313 0.58 ± 0.353 0.24 0.354
15.556 ± 0.0141 0.339 ± 0.0240
101 343 09:57:31 -00 22 54 16.25 ± 0.335 0.75 ± 0.336 0.96 ± 0.358 0.56 0.359
15.504 ± 0.0276 0.396 ± 0.0226
101 429 09:57:32 -00 18 17 13.53 ± 0.048 0.03 ± 0.048 0.48 ± 0.077 -0.14 ± 0.077
13.496 ± 0.0039 0.617 ± 0.0017
101 431 09:57:37 -00 17 51 13.65 ± 0.050 -0.03 0.050 0.65 ± 0.077 -0.16 ± 0.077
13.684 ± 0.0056 0.808 ± 0.0033
101 L6 09:57:39 -00 17 52 16.63 ± 0.399 0.13 0.400 0.51 ± 0.464 0.07 ± 0.464
16.497 ± 0.0219 0.445 ± 0.0113
Table 7.3. Table of photometric results for observations of 101 L6 field, using the composite sky
flats to calibrate the data images. V represents the V magnitude of the object and (V-R)
represents the color index of the V and R magnitudes of the object. The reported
observed mean errors include the corresponding extinction solution errors, which can
be found in Table D.3 of Appendix D. The published results are reproduced from
Landolt (1992).
CHAPTER 8
Astrometric Measurements of Minor Planets
8.1 Observations
Minor planets were observed in order to evaluate the astrometric performance
of the upgraded telescope system. The criteria used to select the objects included:
(1) objects with well known orbits to serve as a reliable reference; (2) visibility in the
observable timeframe; and (3) dim apparent magnitude to serve as another test of the
observable limiting magnitude at the site. The objects selected were main belt
asteroid 2 Pallas with an apparent magnitude of +10, main belt asteroid 6 Hebe with
an apparent magnitude of +10, and near Earth object 2002 HU1 1 with an apparent
magnitude of +18.
On UT date 04/25/2002, the upgraded 24-inch telescope was used to observe
2 Pallas and 6 Hebe in a time span of one hour for each object, in the V and R filters
introduced in section 6.1. Observations of 2002 HU 11 and additional observations of
2 Pallas were made on UT date 04/27/2002 during a time span of 2 hours and 0.5
hours, respectively, also in the V and R filters. On each night, the objects were
imaged in a sequence of three per filter every hour to get a good range of apparent
motion. The observing log for these observations is provided in Table D.4 of Appendix
D.
Calibration frames are generally not required for astrometric data. However,
because the objects were imaged with fairly long integration times, the data were
calibrated, as outlined in section 7.2.1, in order to improve the probability of detecting
the object and reference stars by increasing the signal to noise ratio. Calibration
frames for the astrometric set of observations were acquired in the manner described
in section 7.1.
8.2 Data Reduction
Figure 8.1. Illustration of the gnomonic projection of the celestial sphere onto a flat plane, where
A' is the tangential point, line(AB) is equal to line(A'B'), and line(AC) is equal to
line(A'C"). The figure is reproduced from Taff (1981).
As shown in Figure 8.1, the images obtained with a telescope and imaging
detector are a gnomonic projection of the celestial sphere onto a 2-dimensional
plane, similar to the maps in a geographical atlas. Referring to Figure 8.1, the linear
distance on the image (l = line(AB)) is related to the angular distance on the celestial
sphere (L = arc(A'B')) by Eq. 8.1, where f is the telescope focal length.
/ = f tan L,
L (8.1)
plate scale = 2-
Another view of the geometry between the rectangular coordinates of the projection on
the tangent plane ( ', f') and the equatorial coordinates of the celestial sphere (a, 5)
is given in Figure 8.2. From this perspective, it is apparent that the relationship
between the rectangular coordinates of the image ( , fl) and equatorial coordinates
(ax, 8) can be represented by Eq. 8.2, which is derived in detail in Taff (1981).
tan(a-a*)= (sec5*f - tan S5* '82 (8.2)
tan 3= ,1 +ftncos(a - a*)f - q tan 5s
Given the telescope focal length (f), center coordinates of the image (a*, 5*), and
rectangular image coordinates of an object with unknown equatorial coordinates (4,
-q), Eq. 8.2 enables one to invert the gnomonic projection and compute its
corresponding equatorial coordinates (a, 6).
Figure 8.2. Definition of the standard rectangular coordinates (4, ri) of the image in relation to the
equatorial coordinates (a, 6) of the celestial sphere, where (aX*, 6*) is the equatorial
coordinates of the tangential point of the projection (also the center of the image). Thefigure is reproduced from Taff (1981).
8.2.1 Solving the Plate Model
The rectangular coordinates of the images from a CCD detector (x, y) are
defined by the pixel rows and columns. For a perfect imaging system, Eq. 8.2 can be
applied directly to the pixel coordinates to compute equatorial coordinates, since the
standard rectangular coordinates (F, q) and the pixel coordinates (x, y) are the same.
Unfortunately, the real world is not perfect and the pixel coordinate system can deviate
from the standard system for a number of reasons, ranging from detector
misalignment with respect to the optical axis to faults in the detector manufacturing
process. In order to utilize Eq. 8.2, the pixel coordinate system is mapped onto the
standard system by a linear transformation, called the plate model, given in Eq. 8.3
(Taff 1981). The constants a through e, and g are called the plate constants and can
be solved with at least three reference stars.
-x=a4+bi7+c ,83 (8.3)
r- y = d4+ erj + g
An IDL* routine called astrom26 , developed by Marc Buie at Lowell Observatory,
was used to solve the plate model for each image and derive the equatorial
coordinates for each target object. Given an initial estimate for the orientation of the
image, pixel scale, and tangential point, the routine searches for stars within the
vicinity of the tangential point from the USNO-A2.0 catalog (Monet, et al. 1998) and
creates a reference star map overlaid on the image. The user then matches two stars
on the reference map to the image and the routine uses the information to measure
the image location of the remaining catalog stars on the reference map. A linear plate
model, such as the one given in Eq. 8.3, is fitted to the measured image positions
such that image anomalies, including stars with extremely high or low signal to noise
ratios or stars with unusual FWHM diameters, are avoided in the fit27. Once the plate
2 Documentation on the astrom routine can be found at
http://www.lowell.edu/users/buie/idl/pro/astrom.html.
27 Since the astrom routine uses a centroiding radius, which is defined by the user, to locate the
center of the star and determine the FWHM diameter and signal to noise ratio, the plate model fit
is fairly sensitive to the defined radius. A radius defined too large or too small can cause the
image anomalies described, and may cause the routine to fail to find a model due to excessive
model is established, the routine can be used to measure the location of any object
on the image and compute its equatorial coordinates.
For the observed images, an initial guess for the orientation was made by a
visual comparison of a star chart to the stars on the image. The estimate for the pixel
scale was based on the resulting plate scale from the optical model and size of the
pixels, the values of which can be found in section 6.2. The estimate for the tangential
point came from the coordinates displayed by the MOVE program, which were
recorded in the image header file at the time of observation. As suggested by the
documentation, the centroiding radius was defined as the maximum FWHM diameter
of the objects in the images, which was found to be 10 pixels. The routine reported
'excessive astrometric errors' in some of the images of 2 Pallas and 6 Hebe, so only
a limited number of images were fitted with a plate modbl and the calculated
equatorial coordinates for the two asteroids are listed in Tables 8.1 and 8.2, located in
section 8.3. For the images of 2002 HU1 1, the SNR of the object was too low and the
object could not be detected.
8.3 Summary of Results
The JPL Horizons ephemeris generator program was used to predict the
positions of the targets for the times of the observations. Since the program was only
capable of a minimum incremental time of 1 minute for the positions, they were
linearly interpolated for observations that were in between minutes. The interpolated
positions are listed in Tables 8.1 and 8.2. A comparison of the two sets of positions
shows that the measurements are within less than 1 arcsec of the predicted
positions. The differences between the positions can be partly attributed to positional
errors in the USNO-A2.0 reference catalog, which are typically 0.25 arcsec (Monet, et
al. 1998). However, as discussed in section 8.2.1, the plate model fit for each image
is sensitive to the radius of the synthetic aperture (centroiding radius), defined by the
fitting errors. In light of this, the documentation for the routine suggests a centroiding radius
equivalent to or just slightly under the FWHM diameter of the stars.
user, that is used to find the centers of the stars in an image. Therefore the dominant
source for the error in the measurements stems from the defined centroiding radius.
Table 8.1: Astrometric Results for 2 Pallas
UT Date Mid- RA ARA DEC ADEC
Exposure (h:m:s) ( 0 ' ") (arcsec)
UT Time © Measured (sec) (arcsec) o Measured
(h:m:s) G Ephemeris @ EphemerisGenerated Generated
04/25/2002 07:55:16 21:07:39.40 0.00 0.00 +11 08 37.3 0.6
21:07:39.40 +11 08 36.7
04/25/2002 08:09:20 21:07:39.81 0.01 0.15 +11 08 41.3 0.7
21:07:39.80 +11 08 40.6
04/25/2002 08:42:09 21:07:40.75 0.01 0.15 +11 08 50.0 0.3
21:07:40.74 +11 08 49.7
04/25/2002 08:52:41 21:07:40.99 0.06 0.90 +11 08 53.5 0.8
21:07:41.05 +11 08 52.7
04/25/2002 08:55:48 21:07:41.10 0.03 0.45 +11 08 54.2 0.7
21:07:41.13 +11 08 53.5
04/25/2002 08:58:56 21:07:41.25 0.02 0.30 +11 08 54.9 0.5
21:07:41.23 +11 08 54.4
04/27/2002 08:24:04 21:09:02.50 0.02 0.30 +11 22 01.7 0.8
21:09:02.48 +11 22 00.9
04/27/2002 08:33:24 21:09:02.71 0.03 0.45 +11 22 04.2 0.7
21:09:02.74 +11 22 03.5
Table 8.1. Table of derived and generated astrometric measurements of 2 Pallas.
Table 8.2: Astrometric Results for 6 Hebe
UT Date Mid- RA ARA DEC ADEC
Exposure (h:m:s) ( 0 ' " ) (arcsec)
UT Time o Measured (sec) (arcsec) 0 Measured
(h:m:s) @ Ephemeris @ EphemerisGenerated Generated
04/25/2002 07:26:08 19:00:25.98 0.01 0.15 -07 13 49.8 0.1
19:00:25.99 -07 13 49.9
04/25/2002 07:33:54 19:00:26.17 0.02 0.30 -07 13 48.6 0.0
19:00:26.15 -07 13 48.6
04/25/2002 07:37:02 19:00:26.22 0.01 0.15 -07 13 48.1 0.0
19:00:26.21 -07 13 48.1
04/25/2002 07:40:09 19:00:26.30 0.03 0.45 -07 13 47.6 0.0
19:00:26.27 -07 13 47.6
04/25/2002 07:43:41 19:00:26.36 0.02 0.30 -07 13 47.1 0.1
19:00:26.34 -07 13 47.0
04/25/2002 08:25:33 19:00:27.20 0.02 0.30 -07 13 39.9 0.2
19:00:27.18 -07 13 40.1
04/25/2002 08:29:25 19:00:27.28 0.02 0.30 -07 13 39.4 0.0
19:00:27.26 -07 13 39.4
04/25/2002 08:32:32 19:00:27.35 0.03 0.45 -07 13 38.7 0.2
19:00:27.32 -07 13 38.9
04/25/2002 08:35:40 19:00:27.39 0.01 0.15 -07 13 38.2 0.2
19:00:27.38 -07 13 38.4
Table 8.2. Table of derived and generated astrometric measurements of 6 Hebe.
Intermediate results of the astrometric routine were also inspected. When the
positions of the reference stars in the image are measured, the routine calculates the
pixel scale and displays it in the IDL* output log window. The average pixel scale,
from the images that were able to have a plate model fitted, was 0.552 arcsec/pixel,
which confirms the optical layout presented in section 5.3 that resulted with a pixel
scale of 0.55 arcsec/pixel. In addition, when the plate model is fitted, the routine
iterates the process by calculating a new tangential point based on the previous
model. Table 8.3 lists the tangential point for each image as recorded in the image
header file and the calculated tangential point from the fitted plate model. The
difference between the two sets of coordinates gives the pointing accuracy provided
by the telescope control system. The results in Table 8.3 show that the pointing
accuracy is dependent on telescope position and the pointing error can reach a value
as high as 355 arcsec.
Table 8.3: Recorded and Measured Image Center Coordinates
Frame UT Date RA DEC ACenter
Reference (h:m:s) (0 ' ) Coordinates
o Recorded 0 Recorded (arcsec)@ Measured o Measured
020424.009
020424.011
020424.012
020424.013
020424.014
020424.016
020424.020
020424.023
020424.024
020424.025
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/25/2002
19:00:13.4
19:00:27.0184
19:00:13.4
19:00:27.5576
19:00:13.4
19:00:27.7357
19:00:13.4
19:00:27.9269
19:00:13.4
19:00:27.9593
21:07:37.8
21:07:37.5623
21:07:37.8
21:07:38.4460
19:00:12.4
19:00:31.7844
19:00:12.4
19:00:32.1487
19:00:12.4
19:00:32.1115
-07 16 31
-07 13 05.157
-07 16 31
-07 13 04.644
-07 16 31
-07 13 06.416
-07 16 31
-07 13 06.980
-07 16 31
-07 13 51.412
+11 08 22
+11 09 38.424
+11 08 22
+11 09 32.819
-07 17 36
-07 14 20.298
-07 17 36
-07 14 21.026
-07 17 36
-07 14 21.188
290.000
296.110
296.808
298.506
270.485
76.479
71.479
350.491
354.637
354.082
Table 8.3: Recorded and Measured Image Center Coordinates
Frame UT Date ' RA DEC ACenter
Reference (h:m:s) (0 ') Coordinates
D Recorded T Recorded (arcsec)@ Measured @ Measured
020424.026 04/25/2002 19:00:12.4 -07 17 36 353.979
19:00:32.1147 -07 14 21.447
020424.027 04/25/2002 21:07:37.8 +11 08 21 77.742
21:07:37.6008 +11 09 38.685
020424.030 04/25/2002 21:07:37.8 +11 08 21 72.499
21:07:38.0708 +11 09 33.385
020424.031 04/25/2002 21:07:37.8 +11 08 21 70.849
21:07:37.8596 +11 09 31.843
020424.032 04/25/2002 21:07:37.8 +11 08 21 70.206
21:07:37.9558 +11 09 31.167
020426.064 04/27/2002 21:09:12.0 +11 19 01 173.952
21:09:00.4082 +11 19 06.099
020426.067 04/27/2002 21:09:12.0 +11 19 01 157.299
21:09:01.5152 +11 19 03.941
Table 8.3. Table of image center coordinates recorded from the MOVE display and calculated
center coordinates from the doastsingle routine. The difference between the recorded
and measured image center coordinates (ACenter Coordinates) was calculated by
taking the square root of the sum of the squared differences in RA and DEC, both
converted to units of arcsec first.
CHAPTER 9
Concluding Remarks
Two types of astronomical measurements were carried out as a demonstration
of the telescope upgrade. The goal of the demonstration was to give observers an
idea of the observing conditions at WAO and the expected quality of the
measurements collected with the upgraded 24-inch telescope system. The
photometric results revealed that with about 5 arcsec of atmospheric "seeing" and a
relatively full moon present during observations, possibly the worst observing
conditions that can be encountered at the site, measurements to 0.1 magnitude could
be achieved at best. On the other hand, the astrometric'results validated the optical
model presented in Chapter 5 and confirmed that astrometry could be carried out
successfully at WAO. Even with 5.5 arcsec of atmospheric "seeing", position
measurements of the two main belt asteroids 2 Pallas and 6 Hebe were made to an
accuracy of better than 1 arcsec.
9.1 Future Work Needed
Although the planning for the telescope upgrade began in January 2000, the
research for this thesis did not begin until the spring of 2001 during a staff change.
The majority of the research time was spent on understanding the telescope drive
mechanism and control system electronics that had already been designed by the
previous staff member, as well as implementing the control system. Due to the large
scale of this project, one year was simply not enough time to address all the
problems encountered while assembling the system. Based on the discoveries
made throughout the course of this thesis, the issues requiring further study and
development are presented below.
9.1.1 Backlash
The observed backlash in the main gear train has been found to stem from two
sources. The first is the actual backlash between the two main gears, and the
second is a translational shift exhibited by the worm gear along its axis of rotation,
causing a small rotation of the main gear wheel. This translational shift of the worm
gear has been tracked down to the friction between the worm and the lip of the bronze
sleeve bearings holding it in place. In its current configuration, the gear is
sandwiched between two sleeve bearings through which the main shaft rotates.
Because the gear is flush against these bearings, the rotation of the gear causes a
friction that rapidly wears down the contacting surface of the bearings, due to the "soft"
nature of the material. This erosion is the root of the translational motion along the
length of the shaft because the gear is no longer tightly confined. Due to the relatively
tight mesh of the main gears, this motion induces the gear wheel to rotate, exhibiting
the same type of motion that can be caused by backlash. Even with the addition of
shims to the space between the bearing and its housing to further confine the worm
gear, in order to minimize the translational movement, the edges of the bearings are
being worn down at an alarming rate. Although the problem is currently minimized,
the bearing surface in contact with the worm gear will eventually wear down again.
Edward Boughan, an engineer at the Center for Space Research at MIT, has
estimated that the problem will present itself again within a timeframe of 6 to 12
months, given a schedule of regular and vigorous use of the 24-inch telescope. The
continuing erosion of the bearings will result in a steady decline of the telescope
system performance. Clearly, either the drive mechanism should be redesigned to
incorporate bearings that will not be subjected to such destructive conditions, or
another method of constraining the worm gear should be considered.
9.1.2 Tracking
In section 4.3.2, the conclusion was reached that the dominant contribution to
the tracking error of the system was from errors in the telescope flexure model. The
only obvious solution is to repeat the pointing error session, optimally using more
stars, to obtain a better fit for the model. In the pointing error session presented in
this thesis, time was a considerable limitation in that it took on average about 20
minutes to center on a star. As a suggestion, a more time efficient imaging method
should be considered before repeating the session.
9.1.3 Detector Quality
The findings presented in section 6.2.4 suggests that the source of the dark
spots in the data frames is some contaminant on the internal side of the detector
dewar window. Although it was found that the black spots in the images could be
removed by an image processing method, as reported in section 7.3.1, it was
inconclusive whether the spots degraded the accuracy of photometric measurements.
Nevertheless, the detector should be returned to the manufacturer for internal
inspection before any further investigation on the nature of the spots.
9.1.4 FITS Headers
As mentioned in section 6.2.1, the telescope position displayed by the PC
MOVE program is not automatically inserted into the hepders of image files obtained
with the detector. With the current system, telescope coordinates have to be read off
of the MOVE display and manually entered into the image files. Under this condition,
the possibility of human error is high, and errors will be introduced into astrometric
measurements if one uses an analysis routine that requires image coordinates to
reside in the image file headers. The only solution is to replace the current detector
control program with one that has the potential of interfacing with DOS* and
establishing communication with the PC MOVE program.
APPENDIX A
Telescope Balancing
A properly balanced telescope insures the stability of the mechanical system.
Given the sheer weight of each moving telescope component, a balanced system is
required in order to prolong the lifetime of the observer as well as the drive
mechanism components. As shown in Figure A.1, the complex shape of the fully
assembled telescope and its mounting type make the task of balancing somewhat
non-intuitive, especially for the HA axis. Despite the complexity of the telescope as a
whole, there is an axis of symmetry for each telescope axis, which is the key to
balance. There are a total of four specific positions that'require balance, as illustrated
in Figure A.2, two positions per axis. The positions for each axis include when the
axis of symmetry is parallel with the floor and when the axis of symmetry is
perpendicular to the floor. Much knowledge of this system has been lost due to a
number of staff changes, and no formal balancing procedure was known, so the
information provided here is the result of trial and error. The focus of this appendix is
a telescope with no instrument system installed.
Figure A.1. The fully assembled WAO 24-inch telescope, which has a German equatorial mount
design. The DEC axis of rotation is parallel to the floor, whereas the HA axis of rotation
is tilted by an angle ($) equal to the latitude of the site (+420 36' 36"), with respect to the
horizon (floor).
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Figure A.2. An illustration of the four telescope positions that require balance in order to achieve a
stable system. The position shown in: (a) is when the telescope tube axis of symmetry is
parallel to the floor; (b) telescope tube axis of symmetry is perpendicular to the floor; (c)
HA axis of symmetry is parallel to the floor; and (d) HA axis of symmetry is perpendicular
to the floor.
(a)
A.1 Manual Balance
The recommended weights for balance, given in Bannister, Dolan et al. (1978),
were used as an initial guess to the actual weight. The declination (DEC) axis was
balanced first since the weights added or removed from the telescope tube would
affect the balance about the hour angle (HA) axis. Pulley systems mounted on the
dome housing were used to support the unbalanced telescope. With the
recommended weights added onto each axis, manual balance was achieved by
adding and removing weights until the axis was stationary when the support from the
pulley system was slowly released.
A. 1.1 Declination Axis
With the HA axis fixed at 0 hrs and the telescope tube pointed at the horizon,
shown in Figure A.2 (a), the recommended weight of 172 kg was attached to the
outermost bolt circle of the base plate. The telescope tube was found to be front
heavy and balance was finally achieved with additional weight on the base plate. The
final weight was 180.4 kg, which used eleven large base plate weights, weighing 16.4
kg each, distributed around the outermost bolt circle of the base plate. As shown in
Figure A.3, the base plate weights were mounted symmetrically around the tube axis
of symmetry, so the DEC axis was assumed balanced about the position shown in
Figure A.2 (b).
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Figure A.3. The configuration of the weights attached to the telescope tube base plate to achieve
balance about the positions shown in Figure A.2 (a) and (b). The circles numbered (1)
through (3) represent the primary mirror tilt adjustment bolts, where (3) is the bolt closest
to the hour angle axis of rotation.
A.1.2 Hour Angle Axis
With the DEC axis fixed at a declination angle of 00 and the HA axis of symmetry
parallel to the floor, as shown in Figure A.2 (c), the recommended weight of 677.7 kg
was placed in the weight bucket. The telescope tube was found to be heavier than the
weight bucket. Balance was finally achieved with a significant addition of weight
placed in the bucket. The final bucket weight was 1094.4 kg, which used all of the
supplied bucket weights consisting of: twenty large weights, weighting about 47 kg
each; six medium weights, weighing about 10.8 kg each; and fourteen small weights,
weighing about 6.4 kg each. The weights were all distributed evenly between the
upper and lower halves of the bucket, see Figure 2.4 of Chapter 2. By manually
moving the telescope between ±3 hrs in HA, it was found that the telescope was out of
balance at negative hour angles and balanced for positive hour angles, due to the
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asymmetry of the telescope as a whol&. By trial and error, the weights in the bucket
were shifted between the two halves. A complete balance at negative hour angles
could not be achieved, but instead the amount of imbalance was reduced without
dramatically affecting the balance at positive hour angles. The final distribution in the
bucket was ten large weights, six medium weights, and six small weights in the upper
half and the remaining weights in the lower half. Due to the telescope's large inertial
load and potential instability, we were hesitant in manually checking the telescope
balance at the position shown in Figure A.2 (d).
A.2 Balance Evaluation
Each telescope axis is driven by a motor, which is discussed in depth in
Chapter 3. When a large inertial load is decelerated, as in lowering a vertical load, in
an unbalanced system, substantial currents may be pumped back into the power
supply causing the motor to act as a generator. In addition, an unbalanced system
would require a higher motor torque, which may exceed the maximum manufacturer
rated torque, to accelerate and keep the inertial load moving at a constant velocity. In
such cases, the chosen motor system for this project would automatically shut down
and stall the motor. So it is imperative, after balancing the telescope, to check that the
system is stable by checking that the motors are running efficiently.
The AVS ServoSet program, which was provided with the motor systems, was
used to monitor motor performance in real time. Each telescope axis was driven
independently and AVS ServoSet was used to find telescope positions where the
motor would stall. By trial and error, it was found that the "RMS Load" feature of the
program was the most sensitive parameter to monitor motor efficiency. With
reference to Dave Shaw of Bearing Engineers, Inc. (personal communication on
04/09/2002), the "RMS Load" feature is a measure of the root mean square (RMS)
current that is continuously drawn by the motor over a period of time, which is a
function of the actual torque supplied by the motor. However, since the quantity is
calculated over a period of time, it is not a true representation of the instantaneous
torque as measured for Tables 3.7 and 3.8 of Chapter 3. The "RMS Load" feature
was intended as a guide to allow users with long duty cycles to have a visual
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representation of the system's capacity, in other words, monitoring the stability of a
system that is expected to run continuously for a long period of time. If the "RMS
Load" exceeds the maximum defined current, which can cause excessive motor
heating, the motor drive automatically shuts down and stalls the motor to prevent
destruction of the motor and the drive.
The "RMS Load" was recorded for each axis following the same procedure
used to measure the motor loading, discussed in section 3.3.2 of Chapter 3. The only
change in the procedure was that the motors were allowed to run continuously and
not made to come to a complete stop. The resulting "RMS Load" values are provided
in Tables A.1 and A.2 for the DEC and HA axis respectively. The values in Table A.1
are comparable to each other, which indicates a good balance about the DEC axis.
The values in Table A.2 for continuous motion in one direction are comparable to
each other, but the differences between the values for each direction imply that the HA
axis is slightly heavier on the weight bucket side. However, the values show that the
HA motor is running less than half of its maximum capability, which is a safe
operating margin for the system.
Table A.1: DEC Motor "RMS Load"
DEC driven from southern DEC driven from northern
to northern horizon to southern horizon
Altitude above Southern "RMS Load" "RMS Load"
Horizon (% of max. load) (% of max. load)
(degrees)
0 7
45 12 5
90 11 7
135 9 10
180 8 -
Table A.1. Measured "RMS Load" for the declination motor at different declination angles.
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Table A.2: HA Motor "RMS Load"
HA driven from west to east HA driven from east to west
Approximate Hour Angle "RMS Load" "RMS Load"
(hours) (% of max. load) (% of max. load)
-8 21 -
-6 23 35
-3 23 40
0 21 34
+3 18 37
+5 - 36
Table A.2. Measured "RMS Load" for the hour angle motor at different hour angles.
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APPENDIX B
PC MOVE Pointing Error Model
The following is a reproduction of the original notes of Nat White on the
derivation of the pointing error model that is used in the PC MOVE program. The
notes are internal Lowell Observatory documents and were obtained courtesy of Larry
Wasserman. There are three sets of notes, where the first set dated May 8, 1986,
given in section B.1, provides the definitions of the flexure constants listed in Table 4.3
of Chapter 4 and derivation of a preliminary pointing error model. The second set
dated May 1986, given in section B.2, is a derivation of a pointing error model that
most closely matches the model used by the PC MOVE program. Finally, the third set
dated May 21, 1986, given in section B.3, is a working explanation of the derived
model formulas.
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APPENDIX C
Cassegrain Collimation
Optical misalignment of a classical Cassegrain telescope will introduce
unwanted aberrations and cause image degradation. There are two types of
misalignments, one of which is despace where the separation between the primary
and secondary mirrors is not at the optimal distance, and the other is a misalignment
between the axes of each optical component. For a classical Cassegrain system, the
most dominant aberration introduced by despace is spherical aberration and coma
dominates for a misalignment of the optical axis (Schroeder 2000). This appendix will
focus on the misalignment of the optical axis, providing a layout of the collimation
procedure used and a quantitative method to check the resulting alignment.
C.1 Procedure
For the WAO 24-inch telescope, the optical components of interest are the
primary mirror, secondary mirror, and image plane. The three components each have
a tilt and decenter giving the alignment a total of 6 degrees of freedom. Alignment is
next to impossible if all 6 degrees are adjusted at the same time. The idea then, is to
gradually reduce the number of degrees of freedom by adjusting one at a time and
leaving the others fixed. The first step in collimation is to define the optical axis of the
system. Then, each component is aligned to this axis by tilt and decenter so that final
adjustments are made to only one degree of freedom of one component.
C. 1.1 Locating the Optical Axis
From the design of the telescope tube, a constraint is imposed on one of the
degrees of freedom of the primary mirror. The primary mirror is mounted in a holder
that fits snugly into the telescope tube and is bolted in place at six points on the ribs of
the inner surface of the tube. When the holder is mounted in the tube, the option of
decentering the mirror within its holder is lost since the bolts that control decenter
cannot be reached externally. Inspecting the original blueprints of the primary mirror
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and its holder, the diameter of the primary mirror was specified as 24 inches and the
inner diameter of the holder was specified as 24.25 inches. So the primary mirror can
be off center within the holder by a maximum of 6.35 mm. As a check, it was noticed
that the holder hole was smaller in diameter than the primary hole. By measuring the
difference between the inner diameters of the two components at three different
points, it was found that both holes were concentric with each other to within 1 mm.
The conclusion is that the optical axis is defined by the location of the primary mirror
due to the loss of an alignment degree of freedom.
The image plane is also constrained, but by the mounting plate of the
instrument (base plate) as it is attached to the telescope tube behind the primary
mirror and aligned2 with the tube. The interface between the image plane and
mounting plate was machined so that the center of the detector would be centered
within the interface. It was then mounted onto the center29 of the base plate with six
bolts. Since the hole in the base plate was confirmed to be concentric with its outer
diameter, there was reason to believe that the image plane was centered about the
same axis as the primary mirror.
C. 1.2 Aligning the Secondary Mirror
A collimating laser was mounted in an eyepiece holder" on the base plate,
noting that the laser was installed straight and fit snugly into the eyepiece holder.
Since the base plate is aligned along the optical axis, the light from the laser travels
along the optical axis. The secondary mirror was decentered within its holder until the
laser beam was aligned with the center mark of the secondary. The mirror was then
28 The base plate is assumed to be aligned with the telescope tube since twelve bolts were used to
mount the plate. There is a possibility that the plate could be off center with respect to the tube,
however it was found that the bolts could be easily screwed in only when the plate was aligned or
very near aligned.
2 By the same argument used for the alignment of the base plate.
* The eyepiece holder is mounted onto an interface, which happens to be a replica of the
interface used with the imaging detector, that is bolted onto the base plate at six points. The
eyepiece holder is assumed to be aligned along the optical axis by the same argument used for
the alignment of the base plate.
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tilted until the reflected laser beam was directed back at the laser source. Both
adjustments were repeated as necessary, since it was discovered that tilt
adjustments were about the center of the secondary mirror holder and not of the
secondary mirror itself, unless the mirror is centered within the holder. In other
words, if the mirror is not centered within the holder, tilt and decenter are coupled31 so
that tilt adjustments introduce decenter and vice versa. In addition, it was confirmed
that the focus mechanism did not contribute to any decenter or tilt of the secondary
mirror by driving the mechanism through focus to each limit while observing the
reflected laser beam for any tilt or decenter effects.
C. 1.3 Final Adjustments
The "star test" is a sensitive collimation test that is generally used by the
astronomical community to make final alignment adjustments. An out of focus image
of a star will show the shadow of the secondary mirror against the reflection of the
primary mirror. The two mirrors are aligned when the shadow of the secondary mirror
is centered within the primary mirror reflection and the primary reflection is evenly
illuminated. Even a relatively small deviation from center can be spotted by visual
inspection as focus is approached, since the side where the shadow edge is closest
to the primary edge will be noticeably brighter than the other areas of the primary
reflection, and images at focus will be comatic.
The system was thrown out of focus and only primary tilt adjustments were
used to center the shadow of the secondary. Tilt adjustments were made based on
visual inspection of enlarged CCD images, noting the illumination of the primary
reflection and the location of the secondary shadow with respect to the primary
reflection. Adjustments to primary tilt were repeated as necessary as the image of the
star was brought closer to focus. Once the adjustments were finalized, the system
was brought through focus to check that (1) coma and astigmatism were not
introduced to the system as focus was approached, and (2) the shadow of the
3 Due to the design of the spider mount, it was found that the spider could be used to center the
mirror to the laser source. As long as the secondary mirror is centered within its holder, it is
possible to uncouple the tilt and decenter adjustments of the mirror.
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secondary was centered on the primary, reflection on the other side of focus. Figure
C.1 shows an image taken of the final alignment as focus was approached.
1000 -
800
600
400
200
0
0 200 400 600 800 1000
Figure C.1. A typical out of focus image formed by the WAO 24-inch telescope, aligned with the
procedure presented above. The "X" pattern on the primary reflection is the shadow of
the spider.
Although a CCD detector was used to obtain images for visual inspection, a
quantitative analysis to measure the center of the secondary shadow with respect to
the primary reflection was never performed between adjustments. The reason being
the precision of the adjustments that would be required by the results of the analysis
would not be possible due to the design of the telescope. It was found that even a
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quarter of a turn of the primary tilt adjustment bolt would dramatically shift the
secondary shadow off the center of the primary reflection near focus. To make
matters worse, the three primary tilt bolts do not relate directly to the N, E, S, or W
directions, that is they relate more to approximately SSW, NNW, and ENE. So tilt
adjustments could involve adjusting all three by different amounts, and it was difficult
to judge how much to turn each bolt in order to shift the secondary shadow in a
particular direction.
C.2 Alignment Evaluation
As mentioned earlier, the most significant aberration introduced from a
misalignment is coma. Alignment can then be checked using images obtained with
the telescope at best focus to find if the stars are round or comatic. If the image plane
is not aligned properly with respect to the optical axis, stars will appear focused
toward one edge of the field of view, as illustrated in Figure C.2. If stars on opposite
sides of the field appear out of focus but the band across the center appear focused,
then it is an indication that either (1) the surface of the image plane is not
perpendicular to the optical axis, or (2) the tilt of the secondary mirror is not properly
aligned; see Figure C.2.
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Effects of Poor~ Coilmatioon
'00
Figure C.2. Illustration of the effects of different collimation errors as viewed from the image plane.
The bottom illustration shows the image plane view of a properly aligned telescope.
The illustrations are reproduced from Valleli (1988).
Images of a focused star were obtained, using a V filter, at the center and each
corner of the detector. By plotting the point spread function for the star, the image
diameter can be determined by fitting a Gaussian distribution to the data. Row,
column, and geometric mean diameters were computed, by a marginal distribution
analysis (Elliot, et al. 1989), for the star in each image to determine if the stars are
round or exhibiting coma. The resulting row and column diameters, listed in Table
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C.1, suggest that the image of the startis slightly comatic at off-axis field angles.
Referring to the first illustration in Figure C.2, the results indicate that the optical axis
is passing slightly off center of the image plane. Given the plate scale of 23.1
arcsec/mm, derived in section 5.3, the results also show that the atmospheric
"seeing" at the site was 2.5 arcsec.
Table C.1: Observed Image Diameters at Focus
Location of Star on Row Diameter Column Diameter Geometric Mean
Image (pixels) (pixels) Diameter (pixels)
(East / West) (North / South)
NE corner 7 6 7
SE corner 6 5 6
Center 5 5 5
SW corner 6 5 5
NW corner 5 6 6
Table C.1. Averaged image diameters, in units of pixels, computed from a marginal distribution
analysis applied to images obtained with the WAO 24-inch telescope after the
collimation procedure was complete.
B.2.2 Misalignment Tolerances
It is difficult to quantitatively evaluate the quality of the collimation due to
atmospheric "seeing" effects. Varying amounts of tilt and decenter of the secondary
mirror were modeled, each effect separately, using Zemax* to find the tolerances of
the alignment. First, the secondary mirror was moved off center from the optical axis
and the best focus was found by optimizing the model with the default merit function
with the mirror separation as a variable. Looking at a diagram of the layout and a spot
diagram, it was noticed, as expected, that on-axis light rays were no longer
intercepted by the center of the image plane. In order to do an accurate comparison of
the data to the modeled results, different field angles were entered in manually until a
spot was found imaged onto the center of the image plane. Then the RMS diameter
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of the center spot was recorded and listed in Table C.2. Spot diameters were
recorded in units of microns, so that the value of the diameters could easily be
converted into units of detector pixels for easy comparison of the data. The same
procedure was used to model varying tilt angles of the secondary mirror and the
results are listed in Table C.3. The results show that a secondary mirror off center by
as much as 2.5 mm or a tilt difference of as much as 0.250 between the primary and
secondary mirrors cannot be detected with 2.5 arcsec of atmospheric "seeing".
Direction
North (+) / South (-)
East (+) / West (-)
Table C.2: RMS Image Spot Diameters
for Varying Amounts of Secondary Decenter
-5 mm -2.5 mm -1.25 mm +1.25 mm
8.2 4.6 3.0 3.0
8.2 4.6 3.0 3.0
Table C.2. Resulting image spot diameters, shown in pixels, from varying the off-center distance of
the secondary mirror with respect to the optical axis in Zemax*. The model that was
used to generate these results assumes that the other optical components are aligned
with the optical axis.
Table C.3: RMS Image Spot Diameters
for Varying Amounts of Secondary Tilt
Direction of Tilt -0.50 -0.250 -0.125* 0.1250 0.25c 0.50
North ()/South () 9.1 4.9 3.1 3.1 4.9 9.1
East (+) /West (-) 9.1 4.9 3.1 3.1 4.9 9.1
Table C.3. Resulting image spot diameters, shown in pixels, from varying the difference in tilt
between the surfaces of the primary and secondary mirrors, where a tilt angle of 00
means that both mirror surfaces are parallel with each other. The Zemax* model that
was used to generate these results assumes that the other degrees of freedom are
aligned with the optical axis.
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+2.5 mm
4.6
4.6
+5 mm
8.2
8.2
APPENDIX D
Supplementary Observation Data
Table D.1: UT 04/27/2002 Observing Log for Fields G12 43 and 101 L6
Frame Mid-Exposure Exposure Frame Center
Reference UT Time Time (J2000)
Field (020426.*.fit) (h:m:s) Filter (sec) RA DEC
(h:m:s) ( t ' )
G12 43 001 02:08:14 R 150 12:33:25.3 +08 59 06
120
120
120
120
120
120
120
120
12:33:25.3 +08 59 06
09:57:15.3 -00 23 08
09:57:15.3 -00 23 08
12 33:14.5 +09 01 39
12:33:14.5 +09 01 39
09 57:16.1 -00 23 12
09:57:16.1 -00 23 12
12:33:20.0 +09 01 08
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G12 43
101 L6
101 L6
G12 43
G12 43
101 L6
101 L6
G12 43
002
003
004
005
006
007
008
009
010
011
012
013
014
015
016
017
018
019
020
021
022
023
024
025
026
027
02:11:22
02:14:29
02:18:25
02:21:03
02:23:40
02:47:44
02:50:21
02:52:58
02:56:19
02:58:56
03:01:34
03:14:33
03:15:10
03:19:47
03:23:08
03:25:45
03:28:22
03:41:39
03:44:16
03:46:55
03:50:23
03:53:00
03:55:38
03:59:46
04:03:15
04:05:52
Table D.1: UT 04/27/2002 Observing Log for Fields G12 43 and 101 L6
Frame
Reference
(020426.*.fit)
Mid-Exposure
UT Time
(h:m:s) Filter
Exposure
Time
(sec)
Frame Center
(J2000)
RA
(h:m:s)
DEC
(0 
1 ' )
04:09:39
04:12:15
04:14:54
05:16:58
05:20:23
05:23:00
05:26:44
05:29:21
05:32:00
06:02:26
06:05:03
06:07:40
06:11:24
06:14:02
06:16:39
120
120
120
120
120
12:33:20.0 +09 01 08
12:33:20.0 +09 01 08
12:33:20.0 +09 01 08
12 33:20.0 +09 01 09
12:33:20.0 +09 01 09
Table D.1. Observation log for Landolt G12 43 and 101 L6 on UT 04/27/2002.
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Field
G12 43
G12 43
G12 43
G12 43
G12 43
028
029
030
037
038
039
040
041
042
049
050
051
052
053
054
Table D.2: Airmass, Instrumental Magnitude, and SNR
for Stars in Fields G12 43 and 101 L6
V Filter R Filter
Star Airmass Instrumental SNR Airmass Instrumental SNR
Magnitude Magnitude
G12 43 1.21 -8.06 ±0.018 60.51 1.22 -967+ 0004 29254
101 421
101 338
101 339
1.21
1.21
1.21
1.21
1.21
1.26
1.26
1.26
1.47
1.48
1.49
1.71
1.73
1.74
1.78
1.79
1.81
2.23
2.26
2.30
1.71
1.72
1.74
2.14
2.17
2.20
1.71
1.72
1.74
2.15
2.18
-8.07
-8.07
-8.17
-8.17
-8.14
-8.02
-8.03
-8,03
-7.99
-7.99
-7.99
-7.95
-7.92
-7.94
-7.27
-7.29
-7.29
-7.11
-7.17
-7.19
-6.64
-6.70
-6.61
-6.59
-6.42
-6.61
-6.00
-5.94
-5.93
-5.90
-5.85
0.017
0.019
0.017
0.016
0.018
0.020
0.020
0.021
0.022
0.023
0.022
0.026
0.027
0.025
0.033
0.034
0.034
0.047
0.046
0.046
0.064
0.059
0.068
0.078
0.086
0.079
0.117
0.133
0.127
0.149
0.164
63.09
55.82
63.40
65.83
60.91
54.00
55.37
51.56
49.54
47.29
49.71
42.26
40.77
42.88
15.87
15.75
15.13
16.86
16.28
17.47
13.75
14.56
12.79
14.12
12.00
14.07
9.66
8.69
8.77
8.49
7.70
1.22
1.22
1.20
1.20
1.21
1.24
1.25
1.25
1.43
1.44
1.45
1.65
1.66
1.68
1.83
1.85
1.87
2.34
2.38
2.41
1.76
1.77
1.79
2.25
2.28
2.32
1.76
1.78
1.79
2.25
2.28
-9.66
-9.66
-9.76
-9.75
-9.75
-9.66
-9.65
-9.64
-9.61
-9.62
-9.61
-9.59
-9.59
-9.60
-7.55
-7.54
-7.53
-7.43
-7.43
-7.46
-6.91
-6.90
-6.91
-6.78
-6.83
-6.81
-6.60
-6.44
-6.53
-6.28
-6.51
0.004
0.003
0.004
0.004
0.004
0.004
0.005
0.005
0.006
0.005
0.006
0.006
0.006
0.005
0.027
0.028
0.029
0.035
0.034
0.032
0.051
0.054
0.050
0.065
0.058
0.062
0.070
0.079
0.074
0.106
0.082
282.01
313.38
290.20
302.96
294.72
249.23
218.96
238.56
196.11
204.61
189.92
196.40
189.00
204.07
14.58
17.28
15.47
18.94
17.74
18.32
13.18
14.93
14.10
14.83
15.25
14.83
13.06
12.62
12.83
11.17
13.63
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Table D.2: Airmass, Instrumental Magnitude, and SNR
for Stirs in Fields G12 43 and 101 L6
V Filter R Filter
Instrumental
Magnitude
Star
101 427
101 341
101 342
101 343
101 429
101 431
2.21
1.70
1.72
1.73
2.14
2.17
2.20
1.71
1.72
1.74
2.14
2.17
2.20
1.71
1.72
1.74
2.14
2.17
2.20
1.71
1.72
1.74
2.14
2.17
2.20
1.70
1.72
1.73
2.14
2.17
2.20
1.70
-5.72
-5.48
-5.66
-5.55
-5.24
-5.01
-4.71
-5.85
-5.79
-5.88
-5.85
-5.74
-5.73
-4.83
-3.38
-4.15
-4.37
-4.26
-3.71
-2.25
-4.70
-4.79
-3.97
-4.38
-5.01
-6.89
-6.96
-6.92
-6.86
-6.84
-6.72
-6.86
AirmassAirmass Instrumental
Magnitude
0.167
0.183
0.144
0.176
0.255
0.312
0.428
0.131
0.138
0.126
0.134
0.166
0.158
0.318
1.406
0.573
0.548
0.639
1.084
3.609
0.391
0.345
0.839
0.581
0.324
0.051
0.047
0.049
0.063
0.056
0.066
0.051
SNR
7.44
7.13
8.77
7.39
5.23
4.28
3.17
8.74
8.28
8.88
9.12
7.67
7.95
4.20
0.96
2.31
2.47
2.14
1.28
0.38
3.50
3.90
1.65
2.38
4.24
14.47
15.16
14.15
16.11
15.69
14.23
15.29
2.32
1.75
1.77
1.79
2.24
2.27
2.31
1.76
1.77
1.79
2.24
2.28
2.31
1.76
1.77
1.79
2.24
2.28
2.31
1.76
1.77
1.79
2.24
2.28
2.31
1.75
1.77
1.79
2.24
2.27
2.31
1.75
-6.34
-5.84
-5.90
-5.78
-5.80
-5.39
-5.47
-6.28
-6.23
-6.40
-5.99
-6.14
-6.23
-5.18
-4.58
-5.21
-4.68
-4.30
-4.44
-5.35
-5.27
-4.99
-5.18
-5.36
-5.52
-7.50
-7.53
-7.51
-7.37
-7.38
-7.39
-7.53
0.095
0.129
0.126
0.140
0.149
0.222
0.194
0.085
0.084
0.074
0.130
0.111
0.098
0.235
0.415
0.216
0.442
0.640
0.554
0.199
0.217
0.269
0.268
0.233
0.205
0.028
0.027
0.029
0.038
0.034
0.036
0.027
SNR
11.69
8.79
9.74
8.46
8.58
5.75
6.51
11.09
11.97
13.15
9.20
10.48
11.58
5.53
3.21
5.95
3.12
2.15
2.49
6.43
6.09
4.82
5.03
5.78
6.66
14.90
18.22
16.21
18.45
18.08
18.17
14.76
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Table D.2: Airmass, Instrumental Magnitude, and SNR
for Stars in Fields G12 43 and 101 L6
V Filter
Instrumental
Magnitude
-6.86 ± 0.054
-6.78 ± 0.058
-6.76 ± 0.066
-6.62 ± 0.073
-6.68 ± 0.068
-3.76 ± 0.867
-1.96 ± 4.671
-3.54 ± 1.069
-2.14 ± 4.878
star not detected
star not detected
SNR
14.70
13.45
15.46
13.26
14.57
1.54
0.29
1.27
0.29
Airmass
1.77
1.79
2.24
2.27
2.31
1.75
1.77
1.79
2.24
2.27
2.31
R Filter
Instrumental
Magnitude
-7.54 ± 0.025
-7.57
-7.43
-7.42
-7.46
-4.07
-2.85
-4.29
-4.93
-404
-4.05
0.025
0.034
0.032
0.033
0.654
2.006
0.524
0.349
0.815
0.784
Table D.2. Calculated airmass, instrumental magnitude, and signal to noise ratio (SNR) for the
Landolt stars in the field surrounding 101 L6.
Table D.3: Extinction and Throughput
For Data Calibrated Using Composite Sky Flats
Filter Extinction Coefficient (k) "Zeropoint" Magnitude e-/sec for +10
(= magnitude/airmass) (magnitude for 1 DN/sec) Magnitude at
Airmass=1.5
Bessell V 0.29 ± 0.044 20.98 ± 0.061 79294
Bessell R 0.24 ±0.058 20.99 ±0.081 85751
Table D.3. Table of extinction results and throughput for each filter, using the composite sky flats to
calibrate the data images. Results in the last column of the table were computed from
the extinction results using an airmass of 1.5, catalog magnitude of +10, and the
photon transfer gain factor derived in section 6.2.2.
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Star
101 L6
Airmass
1.72
1.73
2.13
2.16
2.20
1.70
1.72
1.73
2.13
2.16
2.20
SNR
17.86
16.52
19.34
17.99
18.57
2.01
0.67
2.56
3.91
1.69
1.78
Table D.4: Observing Log.fpr 2 Pallas, 6 Hebe, and 2002 HU1 1
UT Time Exposure Frame Center
Time (J2000)
Field Frame UT Date (h:m:s) Filter (sec) RA DEC
Reference (h:m:s) ( 6 ' )
6 Hebe 020424.008 04/25/2002 07:23:02 V 150 19:00:13.4 -07 16 31
009
010
020424.011
012
013
014
020424.015
016
017
020424.018
019
020
020424.021
022
023
020424.024
025
026
020424.027
028
029
020424.030
031
032
020426.031
032
033
020426.034
035
036
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/25/2002
04/27/2002
04/27/2002
07:26:08
07:29:17
07:33:54
07:37:02
07:40:09
07:43:41
07:52:09
07:55:16
07:58:24
08:03:04
08:06:13
08:09:20
08:19:17
08:22:26
08:25:33
08:29:25
08:32:32
08:35:40
08:42:09
08:45:17
08:48:24
08:52:41
08:55:48
08:58:56
04:52:15
04:57:36
05:00:44
05:05:12
05:08:19
05:11:27
R 150 19:00:13.4 -07 16 31
V 150 21:07:37.8
R 150 21:07:37.8
+11 08 22
+11 08 22
V 150 19:00:12.4 -07 17 36
R 150 19:00:12.4 -07 17 36
6 Hebe
2 Pallas
2 Pallas
6 Hebe
6 Hebe
2 Pallas
2 Pallas
2002 HU11
2002 HU11
150 21:07:37.8
+11 08 21
+11 08 21
V 120 17:14:42.0 +24 09 00
150 17:14:42.0 +24 09 00
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V 150 21:07:37.8
Table D.4: Observing Log for 2 Pallas, 6 Hebe, and 2002 HU1 1
UT Time
Field
Exposure
Time
UT Date (h:m:s) Filter (sec)
04/27/2002
04/27/2002
Frame
Reference
020426.043
044
045
020426.046
047
048
020426.055
056
057
020426.064
065
066
020426.067
068
069
04/27/2002
04/27/2002
05:40:59
05:44:08
05:47:15
05:51:33
05:54:38
05:57:46
06:34:04
06:37:11
06:40:19
08:24:04
08:26:41
08:29:20
08:33:24
08:36:01
08:38:39
Frame Center
(J2000)
RA DEC
(h:m:s) ( A ' t)
V 150 17:14:43.2 +24 09 00
R 150 17:14:43.2 +24 09 00
R 150 17:14:43.0 +24 09 00
V 120 21:09:12.0
120 21:09:12.0
+11 19 01
+11 19 01
Table D.4. Observation log for 2 Pallas, 6 Hebe, and 2002 HU11.
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04/27/2002
2002 HU1 l
2002 HU11
2002 HU11
2 Pallas
2 Pallas
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